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EDITOR'S PREFACE, 



The idea of a series of books on Electro-Chemistry emanated 
not from me, but from Messrs. Constable. Some years back 
X wrote for them a book called “Practical Electro-Chemistry," 
intended to cover a great part of the ground of knowledge 
then extant. Fortunately, knowledge has a habit of growing 
and of propagating its kind, and my book, in consequence of 
tins, became a “ back number ", 

The subject of Electro-Chemistry is so ramified and 
specialised that it was impossible for one man to make a 
survey of the whole field. This fact is the genesis of the 
present series in which those who have accurate and intimate 
knowledge of the various branches of electro-chemistry have 
•undertaken the work for which they are particularly qualified. 
It will be readily understood that, as the series of books was 
started at an early period of the war, many contributors were 
engaged in work of national and primary importance, and 
■were unable, however willing, to apply themselves at the 
moment to exacting literary work. But this difficulty was 
{gradually overcome, as some prospect of a period to the 
struggle came within view, with the result which the reader 
■will judge with consideration for the onerous conditions 
under which my contributors have wrought. 

The monographs resulting from their labours speak for 
themselves, and if the educational advantages which I have 
obtained from reading them during their passage through 
the press is shared by the public, I believe that the thorough 
and modem work of my friends and collaborators will be 
appreciated, and such faults as there be will be attributed to 
tbe person ultimately responsible — the Editor, 
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AUTHOR’S PREFACE. 

Ever since the time of its discovery Ozone has attracted the 
attention of chemists, physicists, and industrialists alike. 
To the former it presented the first example of a gaseous 
allotrope of an element, differing from oxygen in many 
remarkable ways. The physicist frequently came in contact 
with the substance in his investigations on the conduction 
of electricity through air, whilst the industrialist was not 
slow to avail himself of an oxidising agent, unsurpassed in 
strength, leaving no objectionable material in its wake, and 
at the same time easy, if indeed somewhat expensive, to 
manufacture. 

The angle from which Ozone and its modes of prepa- 
ration was regarded by these three different sets of investi- 
gators naturally Varied, and an endeavour has been made in 
the following pages to summarise and correlate the many 
different references which are to be found scattered over a 
wide field of literature. The merest survey, however, was 
sufficient to indicate that our knowledge of Ozone, its pro- 
perties and modes of formation, is exceedingly scanty. The 
industrialist is ever at hand with extravagant claims as to 
the utility of “ electrified oxygen ” ; the evidence as to the 
chemical behaviour and properties of ozone is somewhat 
meagre and frequently conflicting, for example, the existence 
Of the ozonaiee and of oxozone still awaits confirmation; 
whilst the hypotheses advanced to explain the meehanism 
of its formation, either chemical, thermal, electrolytic, or 
pimtCMffiemical, are purely speculative. Ozone is generally 
produced by means of the silent electric discharge, the 
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Aladdin’s lamp of synthetic ehi-mb-try. for wh 1. »,-< 
factory “modus operand! ” has !>«•« n • t« •! •. • 

appearing to result from a eombinutinii «»l j h ‘ ■ 1 n » 
action and electron emission. 

A study of the ultra-violet spectrum of <-*v .• <> s * 

allotropes gives us an insight into tli- v -n--« pi. * - > • <• 

actions involved, and quantitative t« hit ton h.p i « <> > 

tained by an application of the ijnant mu th< r. >* ' • 

time tho study of the disintegration ->r 1 > 

molecules by electron emission imo vt in • t » i c • » 

The work of Kir .1. .1. Thomson at fb> < » -- *< 

Laboratory on the subject of thermion:-* l.« j-i < * » 

new vista of electro-chetiiicul rewinb. f-.r it a .. »j i« 
that the elements, including oxygen, esui * * »i i • » s >< , 
the form of allotropes, but aho as ulb.tr> pic u..*: ’ »* - • 
possessing electrical charges. It jeniuim. i<<> »h- f 
reveal the influence of these charges <>n <1k in.- »f r* » • . ? . 

Thanks are due to those who have l*»n i. it. 5 n u i 
place material dealing with Ih* uppliiutinto ■ f *• t,< »t u.-, 
disposal, and if the following pages - an -»• •- *.t <n t.m i v. > / 
research both scientific ami teehntral m this. • n- • t th. n.> t 
interesting branches of electrochemistry, tie- < h,--l f ti « 
writer will be fully attained. 

EliU* K HIl'lM, 

Um vanHiTV or Iu.i.hois, 

Illinois, (J.8.A., Wh S'urtmh't, 
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CHAPTER I. 

OZONE. 

EXELY Histoky. 

In 1783 Van Marum, a Hutch philosopher, notice! that the 
air in the neighbourhood of his electrostatic machine (now 
in the museum at Haarlem, Holland) acquired a marked and 
characteristic odour when subjected to the passage of a series 
of electric sparks. Cruickshank in 1801 likewise drew at- 
tention to the fact that the oxygen gas produced by the elec, 
trolytic decomposition of dilute acids under certain conditions 
was possessed of a similar odour. 

These two investigators merely chronicled the results of 
their experiments, and did not pursue their inquiries to 
elucidate tke origin of the odoriferous substance. Schonbein, 
in a memoir presented to the Academy at Munich in 1840, 
recognised that the smell noted in air subjected to the spark 
discharge, and in the oxygen generated by electrolysis, was 
due to the presence of a new gas, to which he gave the name 
“ ozone ” — to smell), he also showed that ozone was 

formed in certain processes of autosidation, notably by the 
action of air on phosphorus, but failed to establish the exact 
nature or composition of this new substance. 

We shall have cause to observe, when discussing the pro- 
cesses of aut oxidation, the development of Schonbein’s hypo- 
thesis in that ozone or active oxygen is produced with its 
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electrical isomer “ antozone” by the disruption of the neutral 
oxygen molecule — 

+ 

0 2 -» O' ozone + 0 antozone. 

This hypothesis naturally led to the division of peroxides 
into two groups, the ozonides and the antozonides, and to 
an extended search for the two active electrically charged 
forms of the oxygen atoms. 

Various other speculative hypotheses were made as to 
the composition of ozone, all unsupported by experimental 
evidence, thus, Williamson suggested that it might be gase • 
ous hydrogen peroxide, and Baumert considered ozone to be 
an oxidised form of hydrogen peroxide, i.e. H 2 0 3 . 

, Becquerel and Freny first showed that oxygen could be 
completely transformed into ozone, thus proving that ozone 
was an allotropic modification of this element. 

These experimenters effected the conversion of oxygen 
into ozone by the passage of a stream of electric sparks 
through the gas, the ozone formed being continuously re- 
moved by means of a solution of potassium iodide. In this 
way all the oxygen originally in the tube ultimately disap- 
peared. 

Andrews, Tait and Soret (“ C.R.," 1876) took up the in- 
vestigation at this stage, and by the following experiments 
proved that the allotrope was actually a condensed form 
of oxygen : — 

A tube of volume V connected to a sulphuric acid ma- 
nometer and containing oxygen gas was submitted to the 
action of the spark discharge when a contraction in volume v 
was recorded on the manometer. On heating up the tube to 




OZONE 



a 



270° C. the ozone was destroyed and the gaseous mixture then 
occupied its original volume V. 

Soret showed that no change in the volume of the ozonised 
oxygen (V — v) took place when the gas was exposed to 
potassium iodide or metallic silver, nevertheless the ozone 
was destroyed. 

When, however, the gas mixture was exposed to turpen- 
tine a further contraction in volume was observed, the final 




volume being V - 3v where v was the volume contraction on 
ozonisation. 

As a result of the experiments Soret came to the conclusion 
that the molecule of ozone consisted of three atoms of oxygen, 
three volumes combining to give two volumes of ozone — 

30 2 = 20 3 , 

since the volume contraction v on ozonisation is clearly equal 
to one-third of the oxygen converted into ozone (or one-half 
of the resulting ozone), which is subsequently absorbed by 
the turpentine. Further, that when ozone reacted with 
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potassium iodide or metallic silver it liberated an equal 
volume of oxygen : — 

0 3 + 2Ag = Ag 2 0 + 0 2 . 

Soret ascribed the structural formula 0 — 0 to the tri- 

\/ 

0 

atomic allotrope of oxygen, and confirmed the existence of 
ozone by a determination of its density. The theoretical 
density of ozone at N.T.P. should be equal to one and a half 
times that of oxygen, and this value was obtained by Soret 
and Otto by several different methods, which may be briefly 
described : — 

A glass globe of about one litre was filled with pure dry 
oxygen at a determined temperature and pressure ; and 
subsequently weighed; the oxygen was then displaced by 
ozonised oxygen reweighed, and the weight of ozone in the 
flask determined by titration with iodine and sodium thio- 
sulphate. 

If Y be the volume of the globe, containing w grams of 
oxygen of density A, and w + w be the weight of the ozonised 
oxygen in the globe, where 8 is the density of ozone, and v 
and w" the actual volume and weight of ozone in the globe, 
then 

(i) w + w = 8v + (V - v) A, 

(ii) w" = v8, 

(iii) to = AY. 

From (i) v(8 - A) = w + w' - AY = w', 

hence : — 8 ■ - w" 

8 - A 



or 



8 = A 





r. 



From two determinations Otto obtained tin* • f >< *!««• 

ratio j 

3 l-r, - 0-00.it ami I •:> t nuu.Ci. 
or the density of o/.onc was practically on*- and » li ill turn 
that of oxygon. 

1 )i:xsn y n v I >il ti m«in. 

Koret showed that tin* rate of tmimpnitioti (hr *u.*h a 
small aperture of tin* purest o/.o ne which Ik oiiili] obtain was 
intermediate between the vain* s obtained for ehJoriie sod 
carbon dioxide, By applying Oruhntn'e law t* r the h/on *• 
obtained for the time of transpiration of ozone and carbon 
dioxide, taking as the tune of tr wiMpiration for a volume of 
carbon dioxide of density <d, ami t_ for in* equal %<dum> <f 
ozone of density <5, 



thou 



t' : 



J 

h 



the value 1 Tm-l was obtained, taking oxygen an uuilv I .ad< n 
burg (“ Bor.,” 1001 ) at a Inter date obtained tie* vain* 1 
for an ozonised oxygen containing M> p« r m ut w<*ne 

We have already referred to Soot'** ( .u h . t.jji non ut» on 
the comparison of the volumes ornijmd ]c. i -jinl w«i/M» of 
oxygen and ozone, in which the ozone formed from a known 
quantity of oxygen was removed by absorption in tor j* ntm* 
From the results of seven expenrm nts Son t obtained a i»**a« 
value differing by only 2 7 per omit. from tb- Ur«j 

PttvstrAi. I'ltumiTirx or o/«» *.r 
Ozone possesses a strong penetrating and ebara* t«*»i«ii, 
odour which can be detected m corns ntratmiiH of *.«,*< part 
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a million of air. We may note that there is no unanimity in 
describing this odour, since it has been likened to sulphur, 
chlorine and phosphorus (presumably undergoing oxidation 
when ozone itself would actually be present) ; other observers 
have compared it to dilute oxides of nitrogen, whilst jDe hi 
Coux likens it to lobster. 

Dilute ozone is practically colourless, but when viewed 
through a tube five or six feet long it is found to give a sky 
blue tint to the column of air. 

Hautefeuille and Chappuis (“C.E.,'’ 94 , 1249,1882) ob- 
tained liquid ozone by compressing ozonised oxygen to 3 25 
atmospheres at a temperature of - 103° C. Liquid ozone is 
soluble in liquid oxygen, and Ladenburg (“Ber.,’' 31 , 2508, 
1898) obtained a mixture of liquid ozone and oxygen, con- 
taining 84'4 per cent, ozone by passing a current of ozonised 
oxygen through a tube cooled in liquid oxygen, whilst K. 
Goldstein (“Zeit. Elektrochem.,” 50 , 972, 1903) obtained 
pure liquid ozone by immersion of a double walled quartz; 
mercury vapour lamp in liquid oxygen. 'When a small 
quantity of oxygen was admitted into the vacuous space it 
was rapidly ozonised by the ultra-violet light emitted hy tilts 
mercury vapour and condensed in the form of small drops, 
the pressure rapidly fell and fresh oxygen could then be 
admitted. Dewar likewise obtained practically pure liquid 
ozone by the careful fractionation of liquefied ozonised oxygen. 
Liquid ozone, which is very liable to explode if accidentally 
brought into contact with a trace of organic matter or if the 
temperature be allowed to rise, is a dark blue liquid, opaque 
in thickness exceeding 2 mm. Olszewski C'Monatsh.," 8, 10D, 
1887 ; “Ann. derPhysik,” 3 , 81, 1887) gave the boiling-point 
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at - 106° C. to - 109° C., whilst Troost (“C.R.,” 126 , 1751, 
1898) determined it at - 119° C. 

The formation of ozone from oxygen is accompanied by 
the absorption of heat and the instability of liquid ozone 
and the gas at ordinary temperatures is doubtless occasioned 
by its strongly endothermic nature. 

20 3 = 30 2 + 2Q. 



The lowest value of Q, the heat of decomposition per gram, 
mol. of ozone, is recorded by Hollman in 18G8 as 17,064 
calories, later determinations by Berthelot (1876) gave 29,600, 
Van de Meulen obtained values between 32,600 and 36,000, 
whilst Remsen gives the highest value of 36,600. The most 
recent observations of Jahn (“Zeit. Anorg. Chem.," 60 , 357, 
1908, and 68 , 250, 1910) give 34,000 (see p. 45). 

Ozone is soluble in water, but wide discrepancies are found 
in the published figures, doubtless occasioned by partial de- 
composition during solution. 

Schone (“ Ber.,” 6 , 1224, 1873) obtained the value for the 
solubility coefficient at 18° C. of 0'366, McLeod at 14° C. 
0'2795, Carius (“Ann.,’’ 174, 30, 1874) at 1° C. 0'834, Laden- 
burg (" Ber.," 31, 2510, 1898) gave the solubility at 12° C. as 
0 01 per cent, by volume, whilst Mailfert (“ C.B.,” 119, 951, 
1894) gives the following values for the coefficient : — 



Temperature. 



Coefficient of 
Solubility. 



0° C 0-64 

11-8° 0-5 

15° 0-456 

19° 0-881 

27° 0-27 

40° 0-112 

55° 0-081 
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about fifteen times the values obtained for oxygen. IVCouf- 
gang (“ Woch Brauerei," 28 , 434, 1911) determined, the 
following values : 10 mgm. per litre at 2° C. and 1'5 ffigm, at 
28° C. 

In dilute solutions of sulphuric acid (0'03 - 0’09 per cent.) 
the coefficient of solubility is somewhat higher, as is indicated 
by the following figures : — 

Temperature. Coefficient of 

Solubility. 

30° C 0-240 

33® 0-224 

49° 0-156 

57° 0-096 

Rothmund (“Nemst Festschrift,” 391, 1912) has indicated 

that the above figures are in all probability too low owing to 

the decomposition of ozone occurring during the estimation 
of the solubility. He found that this decomposition -was 
remarkably small inO’l N. sulphuric acid at 0 ° C. and obtained 
a value 0'487 for the absorption coefficient at this tempera- 
ture ; when corrected for the salting out action of the sul- 
phuric acid the coefficient in water would be equal to O’ 494. 

Ozone is soluble in acetic acid, acetic anhydride, ethyl 
acetate, chloroform, and carbon tetrachloride (Fischer and 
Tropsch, “Ber.,” 5 o, 765, 1917), forming blue solutions wtdch 
are fairly stable. Solutions of ozone in carbon tetrachloride, 
in which the solubility is seven times that in water, do not 
undergo decomposition for twenty-four hours. 

The decomposition of ozone (see p. 183) is frequently ac- 
companied by a phosphorescence noted by Dewar when pass- 
ing ozonised air through a capillary opening, and by Otto in the 
action of ozone on water containing traces of organic matter. 




020NE 



A vivid phosphorescence is likewise obtained when a hot 
glass rod is brought near the surface of liquid oxygen contain* 
ing ozone (“Beger. Zeit. Elektrochem. " 1 6 , 76, 1910). 

R S. Strutt ("Proc. Roy. Soc.,” 8 s, 10, 1911) has ex* 
amined a number of cases of phosphorescent combustions, 
especially marked in vacuum tubes containing ozonised air 
under low pressures. Phosphorescence was noticed during 
the oxidation of a number of substances by ozone, amongst 
the more important being nitric oxide, sulphur, hydrogen 
sulphide, ethylene, and iodine. The spectroscopic examina- 
tion revealed a banded spectrum in the majority of cases, but 
occasionally continuous spectra were obtained. 

The spectrum of ozone is exceedingly complex and has 
been the subject of numerous investigations. 

Chappuis (‘'C.R./- 94 , 858, 1882) found eleven lines lying 
in the region X = 628'5 /a/a and X = 444 /x/a in the visible 
spectrum, those lying on either side of the sodium lines being 
particularly distinct and characteristic, X = 609' 5 - 595'5 /a/a 
and X = 577 to 560 /a/a. Schone (“ Zeit. Anorg. Chem.,” 6 , 333, 
1894) added two to the above number, whilst Ladenburg and 
Lehmann (“Ber.,” 4 , 125, 1906) noticed a line in the red 
portion of the spectrum. 

J. Stark (“Ann. der Physik," 43 , 2, 319, 1914) has shown 
that the ozone molecule gives rise to many bands lying be- 
tween the visible green and the ultra-violet, X = 210 /a/a. The 
bands of long wave lengths were found to be resolvable into 
line series. 

Certain lines attributed to the ozone molecule are fre- 
quently caused by other allotropes of the element, either of 
elementary oxygen in the monatomic or diatomic form, O or 
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0 2 , or of those substances when charged. Thus Stark (“ Phys. 
Zeit.," 14 , 720, 1913) has shown the existence of two distinct 
arc spectra of oxygen attributable to the substances 0 3 and 
6 , 

The line in the visible red of the spectrum noticed by 
Ladenburg and Lehmann ( loc . cit .) is possibly not due to ozone 
but to another allotrope of oxygen, viz. oxo/.one, 0 4 ; whilst 
the existence of a band in the infra red or thermal region at 
X = 1040 /a/4 has been claimed for ozone but has not received 
confinnation. 

The lines of the oxygen spectrum at the negative electrode 
of a discharge tube were examined by Schuster, Steubing and 
F. Croze (** C.R.,” 153 , 680, 1916) who gives the following : 
X = 685-3 fj.fi, 662-5, 603 2, 564'6, 529 '6 and 498. Schusters 
two negative bands X - 570 - 584 fifi and X = 601 - 51)6 fifi 
could not be resolved. 

The lines of atomic oxygen O are found in the examin- 
ation of water vapour as well as in oxygen submitted to 
intense electrical discharges. Fowler and Brooksbank (“ Hoy. 
Astron. Soc.,” 77 , 511, 1917) have likewise shown the pres- 
ence of lines of this series, the third line spectrum of oxygen 
X = 559'2 fj.fi, and 39618 in stars of the ft type as well as in 
Wolf Rayet stars. 

The ultra violet spectra of oxygen and its allotropes are 
of special significance in the consideration of their photo- 
chemical interconversion (see p. 70). 

That of ozone has been examined by Lenard (“ Ann. der 
Physik, 1 ’ 1 , 480, 1900), Goldstein (“Ber,,” 36 , 304, 1903), 
and more especially Regener (“Ann. der Physik," 30, 1083, 
1906). 
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The 0 2 molecule gives short 'wavelength bands resolvable 
into lines between the region X 200 and X 188 /x/x correspond- 
ing to the ultra violet fluorescence of oxygen. Steubing 
noticed five bands between X = 1831, and 1911 /x/x, whilst 
L. and E. Bloch ("C.R.,” 158, 1161, 1914) isolated two new 
ones conforming to the Delandies formula at X = 192*3 to 
193*6, and 194'6 to 195 *7 /u/j,. The ultra violet oxygen atom 
0 band in the region X = 230 /x/x and X = 340 /x/x is observed 
in the positive column in pure rarified oxygen, and in the 
decomposition of dissociation of many oxygen-containing 
compounds. The strongest band (see Meyerheim, Grebe, 
Holtz and Fowler, " Proc. Roy. Soc.,” 94, 472, 1918) is found 
at X = 306*4 /x/x, and is usually attributed to water vapour. 

Investigations on the carriers of positive electricity by 
Sir J. J. Thomson and his co-workers (“The Carriers of 
Positive Electricity”) have revealed the presence of a great 
number of allotropes of oxygen which give rise to their re- 
spective band spectra. F. Horton (" Phil. Mag.,” 22, 24, 1911) 
has shown the existence of carriers of positive electricity in 
oxygen of electric atomic weights, 8, 16, 32, 48 and 96. 

Becquerel has shown that the magnetic susceptibility of 
ozone exceeds that of oxygen, and that the ratio of the 
specific magnetic susceptibilities exceeds that of the ratio of 
their densities. 



Chemical Properties. 

Chemically, ozone is a strong oxidising agent, capable of 
effecting the oxidation of all the elements with the exception 
of gold and some of the metals of the platinum group. 

It liberates iodine from potassium iodide and brings about 
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the oxidation of numerous substances such as lead sulphide, 
manganous salts and ferrocyanides, reactions which form the 
basis of its qualitative and quantitative detection and esti- 
mation. 

The general reaction may be expressed by the equation : — 
M + 0 3 = MO + 0 2 . 

In some cases, however, oxygen is not liberated, but the whole 
of the ozone reacts and no free oxygen is evolved. Thus 
sulphur dioxide is oxidised to sulphuric anhydride by ozone 
according to the reaction : — 

3S0 2 + 0 3 = 3SO s 

(seeBrodie, “Phil. Mag.," 1894, and Eiesenfeld, “Zeit. Elek- 
trochem.,” 17 , 634, 1911). In the combustion of the organic 
matter in water during the process of sterilisation by ozonised 
air this reactivity of the ozone molecule as a whole is likewise 
noted. 

Eiesenfeld (“ Zeit. Anorg. Chem.,’* 85 , 217, 1914) observed 
a similar series of reactions in the action of ozone on sulphur 
compounds. Three atoms of oxygen in the ozone molecule 
react with sodium hydrogen sulphite, whilst with neutral 
sulphites and alkaline thiosulphates only two atoms react, 
the third being liberated as oxygen gas. 

With certain peroxides, such as hydrogen peroxide, it 
undergoes decomposition as follows : — 

0 3 + H 2 0 2 = H 2 0 + 20 2 , 

Rothmund (“ Monatsh./' 38 , 295, 1917) showed that the 
reaction was unimolecular in excess of hydrogen peroxide, 
but in dilute solutions the ozone underwent catalytic decom- 
position. 
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It has found many uses industrially as an oxidising agent, 
which will be detailed in a subsequent section of this 'volume. 
Reference, however, may be made to the deodorising of air, 
the conversion of mangaaates into permanganates, of chlo- 
rates into perchlorates, and the "drying” of oils in the pre- 
paration of linoleum and varnishes. 

At suitable temperatures selective oxidation of undesirable 
substances which give an objectionable colour or odour to 
many fats and waxes may be obtained, and such processes of 
bleaching are receiving extended application. Attempts have 
also been made to accelerate the ageing of spirits and wine 
by fractional oxidation with ozone. 

Ozone is a powerful germicide, as was first indicated by 
IProhlich. Its high germicidal activity is doubtless due to its 
oxidising power, and as a dual agent of this character it has 
been fairly extensively employed for the sterilisation of public 
water supplies, for the treatment of wounds in hospitals, and 
for various purposes of sterilisation and preservation in in- 
dustries, such as hide preservation, cold meat storage and 
the like. Although ozone in high concentrations will effect 
the sterilisation of air, yet such concentrations as are neces- 
sary (ca. '05 per cent.) are not capable of respiration without 
damage to the tissues, consequently its chief function is as a 
deodoriser and “freshener "for air in confined and crowded 
spaces. 

In the realm of organic chemistry ozone has received ap- 
plication in two directions, firstly as an oxidising agent of 
great strength which introduces no foreign matter, and 
secondly as a reagent for the ethylene linkage - C = C - . 

As an oxidising agent it is employed for the preparation 
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of vanillin on an extremely large scale. The production of 
other substances, such as heliotropine, piperon»l»&nd aniB&ldr- 
hyde, can also be accomplished with its aid ( see chap- i x -)- 
Apart from its powerful oxidising properties, ozone will xronct 
with certain substances in two definite and char act eristic 
ways to form ozonates and ozonides. 

The Ozonates. 

Baeyer and Villiger (“Ber.,” 35 , 3038, 1008) state that 
strong ozonised air fumes in moist air colours blue litmus 
red, and causes an increase in the conductivity of distilled 
water when passed through it. They therefore regarded 
ozone as the anhydride of an unstable ozonic acid, 

According to these authors, if due precautions are taken, 
highly coloured ozonates may be prepared by tine interaction 
of ozone and moist solid alkali hydroxides or concentrated 
solutions of the same at low temperatures. 

The ozonates are usually orange or brown. If ozone be 
passed into a cold ammonia solution, it acquires a dark red 
colour attributed by these investigators to tho formation of 
ammonium ozonate, NH 4 H0 4 . Lithium ozonatc was found 
to be least, and that salt of caesium most stable. 

A white granular precipitate of calcium peroxide is formed 
on the passage of ozonised air into cold lime water. 

According to W. Manchot (“ Ber.,” 41 , 47, 1908), Baoycr 
and Yilliger’s results are to be attributed to the presence 
of small quantities of oxides of nitrogen in their ozonised 
air, since he found that ozone possessed no acidic qriali- 
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The Ozonides. 



The ozonides are formed by the interaction of ozone with 
organic compounds containing unsaturated ethylene linkages 
according to the general equation : — 



— C 
!l + O3 
— C 



— C— O v 

I > 

— c— cr 



0 



Discovered by Harries (“Ann.,” 343 , 311, 1905; “Ber./‘ 38 , 
1195, 1905), this reaction was successfully employed by him 
to elucidate the composition of rubber (see p. 170), and has of 
recent years been frequently utilised to identify the presence 
of ethylene linkages. 

Where compounds containing ethylene linkages are 

treated with strongly ozonised oxygen (ca. 40 per cent. O a ) 

the ozonides thus formed on analysis yield more oxygen than 

is to be expected by the assumption of simple saturation of 

the ethylene linkage according to the equation : — 

— C — C— O x 

II + 0 3 | >0 

— c — c— cr 



According to Harries, oxozonides are formed by interaction of 
the organic compound with oxozone present in the gas : — 



— C 
II + 0 4 
—C 



—C—O—O 

I I 

—C—O—O 



More recent experiments, however (see p. 184), have failed 
to establish the existence of oxozone in ozonised air or oxy. 
gen and consequently some other explanation for the forma- 
tion of oxozonides must be advanced. 




CHATTER II. 



THE NATURAL OCCURRENCE OP 07.0NK. 

The occurrence of ozone in ordinary atmospheric air lots 
long been a matter of disputo. C. Bchdnboin (*' J. f. Praia. 
Cbemie," 73 , 99, 1858), as early as 1858, showed that stare 1 1 
iodide paper, when exposed to the air, slowly turned blue, 
thus demonstrating the existence of some oxidising a.qt'nrv. 
He noted that the rate of liberation of iodine varied from tiny 
to day and attributed this to an alteration in the ozone <-i in- 
tent of the air. Cldez and Bineau pointed out that tin* 
liberation of iodine from starch iodide could 1 ike w iso Im< 
caused by the presence of oxides of nitrogen naturally prtment 
in atmospheric air. 

Houzeau (“Ann. Choni. Phys." IV, 37 , 5, Ity7*2, and 
“C.R.,” 74 , 712, 1872), as a result of over 4000 determina- 
tions with neutral litmus starch iodide paper, came, to the 
conclusion that ozone was present in atmospheric air in mb 
dition to the frequent occurronco of oxides of nitrogen. A» 
a maximum ozone content Houzeau recorded 2 - H mgm. per 
cubic metre. Houzeau’s views were supported by Hartley 
(“Trans. Chem, Soc.” 39 . 10, 111, 1881, and '‘Nature," jo, 
474, 1889), who noted that many of the dark lines of the ftcdnr 
spectrum were coincident with those that would have; larcit 
produced on the assumption that atmospheric ozone absorbed 

light of these particular wave lengths emitted from the sun, 

(16) 
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thus exhibiting the Frauenhofer lines ; which conclusions 
were confirmed by Meyer (“Ann. der Physik," IV, 12 , 
849, 1903). 

The vivid blue colour of ozone was asserted by Hartley 
to give the characteristic coloration to the summer sky, an 
alternative theory to the one first propounded by Lord Ray- 
leigh in 1871 (Hon. S. W. Strutt, “ Phil. Mag./' 11 , 107,1871) 
and extended by Schuster (“ Theory of Optics," p. 325) and 
King (“Trans. Phil. Roy. Soc./' A, 212 , 375, 1913). 

Rayleigh showed that the intensity of the light scattered 
by small particles of dust in the atmosphere would vary in- 
versely as the fourth power of the wave length, i.e. the light 
in the ultra violet and blue end of the spectrum being of the 
shortest wave length would be most intensely scattered and 
;hus made visible. It may be noted that in Lord Rayleigh’s 
experiments the sky light appeared somewhat bluer than 
mticipated by this theory, and thus indicated that absorption 
>y ozone may be a contributary cause to the colour of the 
iky. C. Fabry and H. Buisson (“C.R.," 156 , 782, 1913), as 
. result of a series of experiments on the absorption coefficient 
•zone for light of the wave lengths X = 255 / up to 330 /x/x, 
bowed that a thickness of only 25 /x of ozone reduces the 
ncident light intensity by over 50 per cent. For a wave 
3 ngth of X = 300 him the proportion of transmitted light for 
thickness of 5 mm. of ozone was only 1 per cent., approxi- 
mating to the conditions of the terrestrial atmosphere exposed 
0 solar radiation. If uniformly distributed this would equal 
•6 c.c. or T4 mgm. per cubic metre ; this concentration is 
jmewhat high for air at low altitudes, hence it may be 
:gued that with increasing altitudes the ozone content rises. 
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E. Kron (“Ann. der Physik,” 45 , 377, 1914) records A = 
325 /u/t as the limit of the effective solar spectrum at sea-level 
on the clearest days. Fabry and Buisson’s results Between 
the wave length X = 200 and X = 350 ^ are shown in the 
following graphical form : — 




200 250 300 35C 

Am. pf*. 

Fig. 2. 

More recently Fowler and Strutt (“Proc. Boy. Soc.,” 93 , 
577, 1917) showed that the Frauenhofer lines between the 
wave lengths X = 319'9 /i/u and X = 333-8 jjbfj,, the ultra-violet 
lines shown by Ladenburg and Behmann to be present in the 
ozone absorption spectrum, were present in the greatest in- 
tensity in the solar spectrum at low altitudes, or when the 
terrestrial air stratum through which the light Bad to pass 
-was greatest, thus again supporting Hartley's contention that 
the atmospheric ozone was an effective agent in fixing the 
extension of the- solar spectrum in the ultra-violet. 

Strutt (“Proc. Boy. Soc.," 114, 260, 1918) likewise showed 
that the limitation of the solar spectrum to the lower wave 
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length of X = 294'8 \x\x was due to the absorption by atmos- 
pheric ozone. By long distance experiments on absorption 
of the light from a cadmium spark and mercury vapour lamp, 
the lower air, mass for mass, was found more transparent 
than the upper air, and that if the absorption was not due to 
dust, the ozone content would not exceed 0'27 mm. at normal 
pressure, in four miles of air. 

Engler and Wild (“Ber.," 29 , 1940, 1896) likewise con- 
firmed the presence of atmospheric ozone by the action of 
air on manganous chloride paper, whilst Schone in 1897 
(“ Brochure,” Moscow, 1897) obtained as maxima and minima 
the following values : — 

Maximum, 100 mg. per cubic metre. 

Minimum, 10 „ „ „ 

In the same year, Thierry (“ C.R.,” 124 , 460, 1897) made 
the important observation from experiments conducted on 
Mont Blanc, that the ozone content of the atmosphere rose 
with increasing altitude, thus, at 1000 metres height he ob- 
tained 0-039 mg., and at 3000 metres, 0'094 mg. of ozone per 
cubic metre of air. Similar figures were observed by H. de 
Varigny (Smithsonian College, “ Proc.," 39 , 27), viz. a maxi- 
mum and minimum of 0 - 03 and 0'01 mg. per cubic metre. 

These observations were continued by Hatcher and Arny 
(“ J. Amer. Pharm,” 72 , 9, 1900), who determined the amount 
of ozone in the air by two different methods, viz. the iodide 
and arsenitic titration processes, as maxima and minima, 
they observed the following values : — 

Method of Minimum. Maximum. 

Estimation. 

Iodide 158 816 mg. per cubic metre. 

Arsenite 84 80 „ „ „ „ 
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Henriet and Bonyssy (" C.R,” 146 , 977, 1908) showed that 
the ozone content of the air at ground level varied approxi- 
mately inversely with the carbon dioxide concentration. 

Hayhurst and Pring (“J.C.S.," LXII, 868 , 1910) drew 
attention to the wide variation of the results obtained by 
numerous investigators, and conducted a series of observa- 
tions on Glossop Moor in Derbyshire. They showed, utilising 
Houzeau’s original method of estimating both iodine and 
alkali liberated from potassium iodide solutions, a procedure 
which was found to give extremely accurate results, both for 
ozone and mixtures of ozone and nitrogen dioxide, that in 
this neighbourhood at least, oxides of nitrogen were always 
present in the air up to an altitude of 8000 ft., and that the 
quantity of ozone present, if any, was too small to be de- 
tected. With an increase in the altitude small quantities of 
ozone were obtained up to a height of 10 miles. Concen- 
trations of the order of 0 - 12 to 0‘4 mg. per cubic metre of 
ozone, and smaller quantities of oxides of nitrogen were, ob- 
tained. 

H. N. Holmes (“ J. Amer. Chem. Soc.,” 47 , 4D7, 1909) 
has shown that the maximum amount of ozone is formed in 
moving areas of air under a high barometric pressure when 
the conditions are favourable for bringing air of high, altitudes 
close to the earth’s surface. 

It may be concluded that ozone is a normal constituent 
of pure air, and that the quantity of ozone in the air increases 
with the altitude. Seasonal variations in the o zone content 
have likewise been obtained. Thus, Houzeau, as a, result of 
eight years observation with neutral and alkaline iodide test- 
papers (loc . cit.)j noted that the ozone content of the atmos* 




•mi; MTnai, (i<*(:rnni;s«‘i: i«r hzum-; 



]ilter<: n»M* in Hprin;* ami stimiurr, Imt sank t< « vary ninnll 
pinpurtiuiiH in aiitinun nti*I wtiifiT. 1 V-rigay idmrrved it 
maximum in tin- ii i> <n tl i nf May. mid u minimum in Nhivmj- 
l)i>r, itiui *;ivi-n tin- fiilluwm*:' nr«li*r fur drrtv.-i iin*; n/ntii- c'i|i- 
tciit. .May. March, April, .June. Alien I. July, Si ptmilicr, 
J (tiniury . < >t*l»iln»r, hYhrwiry, Xuvrmhi-r. 

I'riiii* (“ J’rur. l£ny. Sen;,’" <)fi, *2til, I'JN) <-xt«-Mi|«*»l liin 
invest it*aliuii> in t l*i* uir m flu* !ii*;li \lpa; at 'JlOO im-lrcn, In* 
iilitaincil I ft«* vain* 1 f’7 my. jnr mine: metre, mid itf. ;s. r iW|) 
ini'trrH >»** m:*. p>-r rnliir metre. Nn •• ui‘iidcm]i|i‘ 
in lh<- • i/.'iiii- fxnli lit \va-< uli .iTVi-d at. alt it inlet up In '.iU km. 
Oxide, uf nitrxpiii and hydrugen |iirur,ii|<‘ were ulmml in Un- 
air at tin 1 higher altitudes. 

INlier and l£iu (“J <* S.,’* in, 77‘J, l!H<) eundtirlcd a 
Hcrii-i uf i-*>!imatnmii m India mi tin: (In- miui.*»unc*.i» 

di'ixidc), liydrn>"*n |.* r«ixi»l»* (1 »y chmmir amd !. ami mudi-a uf 
Hitrupen itnnl cuL uf tin- iilninaplii-rc. Tin y <*« •» till not detect 
tin* pri-M iiiic uf o/.niii* itlthounli uxidr« uf nilrugmi in um 
tiuntmtmiiH uf from I tn ■ r i pari a jut milium win- freijUintiy 
obtained. 

Thu uy.uiu* i*utu*i<tilrntiuu in tin- lower uir idrata likewim* 
itii:r» <tM i iluriii;* pi-nudi uf ••inriu nr aft«*r In-avy rant Mturuin, 
and the Hmitli mid Huiitli wi '4 wind t an- ,iinl tu In- richer in 
iixmii: than flu- northern om-t. 

It. Nnami f'Atti. d. H. Aecud. Imtni’i," at, 7JU, lill'J} 
rein irdn inti-ri-Htiny weea uf naturally ut-currinj' ozunim-d 
water ; in* atiU-« that tin* arid waters uf Hagmine, M«intr 
Annals am highly ioni*.«'d, and contain I -JA i if uxygmi. and 
Uidi) c.«*. uf tty* iiir jn-r litrr. 




22 



OZONE 



Sources op Natural Ozone. 

Various alternative hypotheses have been advanced to 
explain the mode of formation of this small ozone concentra- 
tion in atmospheric air. It is at once evident that even this 
minute quantity exceeds the normal thermal equilibrium 
amount, and consequently there must be a continuous source > 
of ozone. We may classify the various hypotheses as to this 
source under three groups : — 

(a) chemical; ( b ) photo -chemical ; (c) electrical. 

Natural Chemical Processes. 

The earlier investigators such as Schonbein, Houzeau, 
Bdrigny, Peyrou, and Marie Davy, were of the opinion that 
the green vegetation of plant life was responsible for the 
production of ozone, thus accounting for the observed maxi- 
mum and minimum ozone content in the months of May and 
November respectively. It was shown, however, that coloured 
plants yielded no volatile oxidising substances whatever, and 
more recent experiments have shown that the oxidising agent, 
which can always be detected in green plant growth, is hy- 
drogen peroxide. According to Priestly and Usher (“Proc, 
Phys. Soc.,” 78 , 3, 38, 1906), the plant chlorophyll serves 
merely as a light sensitiser to bring about the reaction — 

3H 2 0 + C0 2 + light energy = HCHO + 2H 2 0 2 , 

the formaldehyde thus formed is subsequently polymerised 
to formose (d.l. glucose) by the protoplasm of the cell chloro- 
plast. 

The hydrogen peroxide is usually destroyed by one of the 
numerous enzymes, termed oxidases, present liberating mo- 
lecular oxygen — 
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2H 2 0 2 -» 2H 2 0 + 0 2 

(see Bach and Choat, "Arch. d. Sci. Phys. et Nat. Geneva,” 
17. 4771, 1909), but many investigators suspect that during 
the decomposition of the hydrogen peroxide small quantities 
of ozone may be produced . 

The production of ozone by the atmospheric oxidation of 
various gums and essential oils exuded by trees and plants, 
such as turpentine, sandal- wood oil, or oil of lavender, has 
long been suspected, and undoubtedly the rapidity with which 
starch iodide slips are turned blue in a pine forest is, in some 
measure, due to the ozone present in the surrounding air, 

although the formation of hydrogen peroxide under these 

/ 

conditions is without doubt the more important natural pro- 
cess contributing to the freshness of the air. 

Photo-chemical Processes. 

We shall have occasion to refer to the interesting fact that 
oxygen is ozonised by exposure to ultra-violet irradiation of 
wave length X = 120 - 180 fifi whilst ozonised oxygen is re- 
solved into its original form by light of somewhat longer wave 
length, viz. X = 330 /a/a. 

Hartley (“Trans. Chem. Sdc.," 39, 10, 111, 1881) noted 
the presence of Frauenhofer lines in the visible solar spectrum 
corresponding to those which would be absorbed by ozone. 
These conclusions in the visible part of the spectrum were 
confirmed by Meyer (“Ann. der Physik,” TV, 12, 849, 1903) 
and extended by C. Fabry and H. Buisson (“ C.R.,” 156, 
782, 1913) and Fowler and Strutt ("Proc. Eoy. Soc.,” 
93, 77, 1917) to the ultra violet portion of the spectrum. 
Furthermore, all experimental evidence indicates that the 
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ozone concentration is greatest in the upper portion of the 
atmosphere, where the intensity of the ultra-violet radiation 
would naturally be greatest (see also K Birkeland, “ Cairo 
Soc.," 8, 287, 1916). It would appear that the presence of 
ozone in atmospheric oxygen is largely due to the synthetic 
operation of solar radiant energy of short wave length 
(X — 120 - 180 fifi), whilst the limitations in the amount in 
the upper parts of the atmosphere is caused by the destructive 
action of light of longer wave length (X = 300 fifi), a dynamic 
equilibrium being finally established between the rate of 
formation and the rate of decay. Near the earth’s surface, 
as we have seen, smaller ozone concentrations are obtained, 
partly owing- to the fact that the light of longer wave length 
penetrates somewhat further into a dusty atmosphere than 
that of short wave length, but more especially to the reducing 
action of easily oxidisable substances both on the earth’s 
surface, and carried to low altitudes by the wind. Country- 
air, according to Houzeau, contains more ozone than that 
around villages, whilst its presence can rarely be detected, in 
towns. This observer, in fact, records the disappearance of 
ozone in the air after the passage of a crowd on a public f&te 
day, and its gradual reappearance when the normal conditions 
had been re-established. 

Electrical Processes. 

The increasing attention which during the last few years 
has been paid to a study of atmospheric ionisation and electri- 
fication has not only clearly demonstrated that the potential 
difference between different parts of the atmosphere and be- 
tween earth or water and the air may reach extremely high 
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values during periods of atmospheric disturbances such as 
electrical storms, but even during periods of fair weather, 
local potential differences of high magnitude may result. 

Evidence for the ozonisation of oxygen during periods of 
intense electrical discharge, either silent as in the aurora, 
natural corona, and the remarkable Andes glow occasionally 
observed in S. America (see “ Knoche Meteor. Zeit.,” 29 , 329, 
1912), or violent as in lightning and the so-called thunderbolt 
or globular discharge, is somewhat conflicting. Undoubtedly 
oxides of nitrogen are present, since these can always be 
detected during periods of heavy discharge, and in many cases 
it appears probable that ozone is formed either without or 
more probably in conjunction with the oxides of nitrogen. 

Thornton (“ Phil. Mag./’ 21 , 630, 1911) has advanced the 
view that the globular discharges themselves are purely 
gaseous bodies and consist of ozone in active combination. 

In a subsequent chapter we shall observe that the condi- 
tions for the possible ozonisation of oxygen by means of 
ionisation are established when a discharged electron or a gas 
ion strikes an oxygen molecule with sufficient violence so as 
to permit the temporary distortion of, or the actual removal 
of one of the valency electrons circulating round the oxygen 
molecule from its orbit, and a rough computation of the volt- 
age of discharge which is necessary to give the emitted 
electron this requisite energy is but nine volts, a relatively 
low figure. 

The potential difference between strata of air during 
periods of fine weather is frequently extremely great and quite 
sufficient to produce atmospheric ionisation, with the conse- 
quent possible production of ozone, thus P. Mercanton 
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(" Terrest. Magn.” 33, UM7; obtain* d *i i * 1 * <4 U<ni\, !i, 
permetro on the top of a t«*»«r at I. in mi.< . *» .<) tnctii , 
above sea-level. 

C. Chroe (" Phil. Train." aig. 1- !. I'.Hn \< .. •! \ >h , 

per metre as the average |»oti tit) »1 guide nt in tl , itm jd,« j, 
at Kew for the last y* ip-. 

McLennan (*' Natur< pa, I- 1 . PUT «*ht *,n> •! »l * f ; i< 
ing values for the muni »< r of bin.*-! j<> i , • ,i | . » 

cubic centimetre ol air, nm< i«m in tie ,m <A-ith< . »i >i ini 
four over sea water. Jf< a*mln«l i<«ni at • <•. ,• t . tie u.fhi 
enco of the ultra-violet light it « If . i \u v. ij jw rt< <i 1 •, »!,<• 
experiments of (1. Simpson <** “M . \\ > »*) ■ i l„vi.v,, 
44, lift, 1 UIQ, who found tint at i ),< i •)>? . f <0*iu iu.ij, , 
over thirty times us tmnv ion*, w> r< f -rm* 4 j - 1 > ,n«l a »t 

sea-level, W, Swann «”Terr< t Ma,-ii, ai. I 1'tji, ]ih<« 
wise showed that lh<- tifip« r *ur w n a r. » <> < f 1 * »h <mhi! 

conductivity, the sotim 1* mg lh>* ultra vi< 1< * i , ) * , f 
tudo \<14f> juft, a fra*ti*<u on’v 1*4 * 10 <4 il 4 . t.iaj 

radiant energy derived from tie mim I *r dm ten *f . o-m 
by natural ionisation is thus dm fly i •** < i,<!m , sj, , j 1 ultra 
violet irradiation, which, as we hav« already »,«<*• >1, i ,«o« of 
the chief ozonising ag« lire • in tie- atm - ,j h* r< \ it ,r 4 i in- 
itiation and conwsjtirnt o/oii»‘<Atein is, h**a<v<r. m»* * j * t > r • I v 
derived from ultra- viol< t radiation. Min e i«.iisMiti<<e «nd , unit 
quantities of both ozone and Indrugrn j„ro\d« i»r, formed 
by the evaporation of water m air, >-<ip* , rally ,n tb< neighbour- 
hood of fountains and waterfall*, where e«mhti .n* of -pray 
formation obtain. 

A. Besson ("(Jit,/’ ijj, *77, BUI) i»ot««l that the ma*i- 
mom concentrations of ozone and hydrogen peroxide were 
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formed, in air during the fall of heavy drops of rain from a 
pi e Viotisly clear sky in hot summer weather. 

Oddo (“ Gaz. Soc. Chim. Ital.,” 45 , 395, 1915) ascribes 
tH© formation of gas ions under these conditions to the 
spontaneous ionisation of water vapour when rarified. One 
lo Ingram of moist air (773’4 litres when dry at N.T.P.) 
contains 89 x 10 " 20 hydrogen and hydroxyl ions at 15° C. 

7 60 mm. pressure; he shows that a fall in temperature 
hit t nr ally diminishes the content of water vapour in the air 
also increases the degree of ionisation below 32° C., where 
it is practically zero. The optimum temperature range for 
maximum ionisation was found to be 5° to 20° C., which, it 
niay be noted, is the optimum for animal and vegetable life 
In the temperate zones. 

Hienard, in a series of researches on the Electricity of 
W at erf alls (“ Ann. der Physik/’ 45 , 7, 100, 1914), showed that 
ionisation was effected not only by the impact of suspended 
drops upon obstacles such as rocks or stones, but by impact 
of drops against each other resulting in the production of 
secondary drops. 




CHAPTER III. 

CHEMICAL PRODUCTION. 

An indication of the production of ozone can lie < «!»-** J'V'ii i n 

a great variety of chemical reactions such as the 

tion of certain peroxides, in processes of autoxidat inn , ami >» 

many cases of combustion of gaseous fuels. In tlx- 

case the ozone is doubtless of a purely thermal origin ami a 

consideration of the mechanism of production by this > 

will be deferred to a subsequent section. 

Ozone can nearly always be detected in oxy gen i*» - ult nig 
from chemical decomposition. The temporary <*xi*4rni , < # *-f 
atomic oxygen liberated according to the. equation : 

M"0, + H,,K0 4 -*M80 4 •(- ILO + O 
has not yet been definitely proved, although tins t-vid- »>•«• for 
the formation of atomic hydrogen by similar proec:H«t h )h mow 
extremely strong. In any case during the. decom j>> nt 

the peroxides, the atomic oxygen polymerises with gr* at 
rapidity to the molecular form : — 

O + 0 -> O*. 

C. Brodic ("Phil. Trans.,'* 141, 759, 1850) first advanced the 
view that ordinary oxygen during processes of ehcmivul 
action was split up into two parts termed ozone ami itntoxom?. 

O .4 -* O' (ozone.) + O (antozone). 

As we shall have occasion to note in discussing proc‘-«wH «»f 

m 
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autoxidation, Brodie's hypothesis was strongly- supported by 
the experimental work of Schonbein. ' - 

B. Clausius (“Zeit.Phys.Chem.,” 103 , 644, 1858) sug- 
gested that Brodie's so-called “ ozone ” and “ antozone " were 
identical with atomic oxygen, possessing opposite electric 
charges 

0 2 0 + O'. 

This view was further enlarged upon by van’t Hoff 
(“ Zeit. Phys. Chem.,” 16 , 411, 1895), who, as a result of his 
studies on the autoxidation of phosphorus, came to the con- 
clusion that there exists a definite equilibrium in normal 
gaseous oxygen between the molecular and atomic form, the 
atomic being charged : — 

0 2 « 6 4- O'. 

Nemst (“ Zeit. f. Elektrochem.,*' 9 , 891, 1903) showed, from 
a series of observations on the electromotive force of ozone- 
oxygen cells, that if the three allotropes of oxygen were as- 
sumed to exit in equilibrium with each other under normal 
conditions, according to the reversible equations : — 

0 3 ^ 0 2 + 0 

0 2 ^ 0 + O, 

none of the allotropes possessing an electrical charge, then 
the equilibrium concentration of the atomic oxygen would be 
only 1 / 1 0 23 of the normal ozone concentration, which we shall 
see is of the order 10 ~ 6 per cent. The normal concentration 
of atomic oxygen is, therefore, so small as to render its exist- 
ence as a chemical substance, to which the ordinary methods 
of statistical calculation of its concentration and properties in 
bulk can be applied, extremely doubtful. 
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Nevertheless, the formation of ozone in small quantities 
may be expected to occur in the decomposition of the per- 
oxides, since, on the above assumption, the following sequence 
of ch em ical reactions may be assumed to occur : — 

(i) Ba0 2 BaO + O. 

(ii) 0 + 0 -» 0 2 . 

(iii) 0 2 + 0 -» O s . 

We have already noted that reaction (ii) proceeds with groat 
rapidity, and that reaction (iii) is merely a side reaction, 
which will only proceed during the evolution of oxygen. 
Any ozone formed may, of course, be subsequently decoin- 
posed by catalysis at the surface of the decomposed peroxide, 
or by the somewhat elevated temperature necessary to cause 
decomposition of the peroxide. 

Houzeau, in fact, was able to obtain concentrations as 
high as 28 gms. of ozone per cubic metre of oxygen evolved, 
by gently heating small quantities of powdered barium por- 
oxide in eight times its volume of concentrated sulphuric 
acid. Hydrogen peroxide is likewise formed in small quan- 
tities under these conditions : — 

4H 2 S0 4 + 4Ba0 2 (i) 4BaS0 4 + 4H 2 0 + 20, 

(ii) 4BaS0 4 + 4H,0 + 0 3 + 0 

(iii) 4BaS0 4 + 4H 2 0, 2 , 

The same investigator showed that similar results were 
obtained with other peroxides, notably those of magnesium, 
zinc, sodium, and potassium. 

Even better results can be obtained by the decomposition 
and gentle dehydration of permanganic acid or potassium 
di chromate. 



Mn 2 0 7 -> 2Mn0 2 + O s . 
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As dehydrating agent, sulphuric acid is most conveniently 
employed in the proportions of one of potassium perman- 
ganate to two of sulphuric acid. De la Coux (“ L’Ozone,” p. 
67) states that oxalic acid can be likewise employed in the 
proportion of 10 gms. of permanganate to 15 gms. of oxalic 
acid, and that 90 c.c. of oxygen containing 3 mgm. of ozone 
can be obtained from this mixture. 

Satisfactory yields of ozone may also be obtained by the 
cautious addition of barium peroxide to a solution of potas- 
sium permanganate in sulphuric acid, of density 1'85. 

By the thermal decomposition of the persulphates, small 
quantities of ozone are likewise disengaged, Malaquin (“J. 
Pharm. Chem.,” VII, 3 , 329. 1911) gives the following details 
for the preparation of ozonised oxygen by this means. 
Twenty gms. of dry and freshly prepared ammonium persul- 
phate are mixed with 15 gms. of nitric acid in a small flask ; 
the air is subsequently displaced by carbon dioxide, and the 
mixture cautiously raised to 65° to 70° C. The reaction, 
which is strongly exothermic, proceeds somewhat vigorously 
when once started, and the resulting oxygen, after removal 
of the carbon dioxide, contains 3 to 5 per cent, of ozone and 
small quantities of nitrogen. 1 

Moissan, in his researches on the properties of fluorine, 
which he isolated by the electrolysis of fused potassium 
hydrogen fluoride, noted that appreciable quantities of ozone 
were produced when a few drops of water were introduced 
into an atmosphere of fluorine. 

The formation of ozone proceeding according to the 
equation : — 



3F S + 3H,0 = 6HF + 0 3 , 
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is especially marked at low temperatures, when the rate of 
thermal decomposition of any ozone formed is considerably 
reduced. 

An ozone content of upwards of 14 per cent, in the oxy- 
gen disengaged by means of this reaction may be obtained, 
if the temperature be maintained at 0° C. De la Coux 
(“L'Ozone,'' p. 70) suggests that the preparation of strongly 
ozonised oxygen, by this method, offers some hope of techni- 
cal application. 

Small quantities of ozone may likewise be obtained by 
the thermal decomposition of other oxygen-containing salts, 
but the quantity of ozone in the liberated oxygen is far 
smaller than in the cases alluded to above. Thus Bammels- 
berg noted that ozone may be detected in the oxygen evolved, 
on heating crystallised periodic acid up to 135° C. 

Periodic acid is formed by the action of iodine on an 
aqueous solution of perchloric acid, and can be obtained as 
crystals containing two molecules of water. When heated 
carefully, periodic anhydride is formed. 

2(HI0 4 . 2H a O) I 2 0 7 + 5H 2 0, 

which on continued heating, loses oxygen to form iodic an- 
hydride : — 

i 3 o 7 -*• i 2 0 5 + o,. 

The iodic anhydride itself suffers decomposition into its ele- 
ments at 300° C., consequently the liberation of ozonised 
oxygen by decomposition of the crystallised periodic acid 
only takes place within a somewhat narrow temperature 
range. Aqueous solutions of the acid and its sodium salt 
likewise gradually acquire the smell of ozone. 
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O. Brn tick bus shown that commercial samples of potas- 
sium chlorate liberate, ozonised oxygen during thermal de- 
composition. although purified samples fail to yield any ozone, 
lho yield of ozone is sensibly increased by the addition of 
manganese, dioxide, thus equal weights of manganese dioxide 
and potassium chlorate liberate 0'3 per cent, of the weight 
of chlorate employed in the form of ozone. With twenty- 
five times us much manganese dioxide, over 1*5 per cent, of 
flic weight of chlorate can. he recovered in this form. Other 
oxides, such ns those of copper, iron and zinc do not exhibit 
this behaviour, which appears to be characteristic of man- 
ganese dioxide, although slight activity is noted in the cases 
of the oxides of nickel and cobalt. This is doubtless associ- 
ated with the property of forming unstable peroxides, which 
undergo secondary decomposition, liberating atomic oxygen, 
which can secondarily react "with the molecular form to pro- 
duce ozone. 

In the th'-rmal decomposition of many metallic peroxides 
the presence of ozone may be detected in the oxygen evolved, 
the yield of ozone being naturally greater in the case of those 
peroxides which undergo thermal decomposition at relatively 
low temperatures, such as silver oxide, yielding oxygen 
containing 4 to 5 per cent, of ozone. Lead peroxide and 
mercuric oxide are likewise capable of yielding small quantities 
of ozone. 

Ff the peroxide of manganese, or cobalt, or nickelic oxide 
be subjected to thermal decomposition in a current of oxygen, 
appreciable quantities of ozone are stated to be formed. 

All these oxide decompositions, resulting in the formation 
of small quantities of ozone, may be referred to chemical 
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processes of activating atmospheric oxygen, whilst in the 
case of the decomposition of chlorates and iodic anhydride 
these salts may be regarded as convenient sources of oxygon. 

In the case of the elements of the first group of the peri- 
odic table, namely, copper, silver and gold, the sub and 
normal oxides of copper, Cu 4 0, Cu 2 0, and CuO, are somewhat 
too stable, cupric oxide possessing only a small dissociation 
pressure at very high temperatures. The oxides of both silver 
and gold, on the other hand, dissociate much more readily, 
silver oxide possessing a dissociation pressure equal to that 
of atmospheric oxygen at 250° C. Silver peroxide, Ag a O*t< 
readily liberates hydrogen peroxide and oxygen containing 
ozone when dissolved in acids. Mercuric oxide closely re- 
sembles silver oxide in its chemical properties. 

The general reactions involved may be expressed by the 
following sequence of reactions : — 

(i) 2M + 0 2 = 2MO ; 

(ii) 2MO = 2M + 20 ; 

(iii) 20 ^ 0 2 ; 

(iv) 0 + 0 3 -> 0 3 ; 

in which by the operation of the first two reactions the oxygen 
molecule is 'temporarily split up into its atoms, the necesKary 
energy to perform this operation being supplied by heating nr 
cooling the metal to form or decompose the oxido. Tho 
atomic oxygen so formed may then instantaneously recom- 
bine to form molecular oxygen or combine with molecular 
oxygen to form ozone. 

Ozone Peodtjction bx Autoxidation. 

It had long been known that many substances when ex- 
posed to the air undergo a process of slow oxidation. 
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Exemplifications are found amongst the most diverse 
types of substances such as the corrosion or rusting of metals, 
e.g. zinc, lead and iron, of certain non metallic elements such 
as sulphur and more especially phosphorus, and in many 
organic substances, such as benzaldehyde, turpentine, linseed 
oil and various essential oils, such as oil of cinnamon, lavender 
or citronella. 

It was formerly thought that these reactions were com- 
parable to the ordinary processes of oxidation or combustion 
except in so far as the reaction velocity was exceedingly low. 
In 1858, however, C. F. Schonbein (“ J. f. Prakt. Chemie," 
73 , 99, 1858, et seq., to 1868) opened a new and interesting 
chapter in the theory of oxidation by showing that in these 
cases of slow oxidation, for every molecule of oxygen consumed 
by the substance undergoing oxidation a molecule of oxygen 
was simultaneously transformed to a more active state. This 
activated oxygen would then secondarily react to form a 
fresh series of new substances. 

Thus in the presence of oxygen, ozone could be produced ; 
in the presence of water as in the wet oxidation of the metals, 
an amount of hydrogen peroxide was produced equivalent to 
the quantity of metal oxidised. In the presence of other 
oxidisable substances the active oxygen can oxidise them, 
frequently bringing about oxidations which cannot be accom- 
plished by ordinary atmospheric oxygen ; thus indigo is 
converted into isatin during the autoxidation of palladium 
hydride or benzaldehyde. 

The quantitative relationship between the production of 
active oxygen and the quantity of substance undergoing the 
process of slow oxidation was shown by Schonbein to hold in 
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tin: quantity ef nil remaining to 1 »»j oxidised diminishes in 
amount. 

It had therefore to ho assumed that in the procoss of dry- 
in*', a catalyst was simultaneously formed, thus if a and b ho 
the initial rnnceiitration.s of the linseed oil and catalyst, then 
the rate of oxidation of the oil after a time t will be given by 
the equation: - 

K {ft -I') (/< I- .r). 

( ieuthe, in fact, showed hy his experiments ori reaction velocity 
that there was a quantitative relationship between the quantity 
of linseed oil oxidised and the quantity of autocatalyst simul- 
taneously produced. 

llonzcau (ientlin (/<)«. r.il .), IIaznm('‘ J^eit. Angew. 

(them.,’' i, hi 2, 1 H 8 H), Kissling (“Xeit Angew. (/'hem.," 4 , 
Mi'i, 181)1 ) and Friend ('* 1 'roe. Paint and Varnish Koe./' 11)14) 
till showed that the. autocatalyst wa 8 an unstable peroxide, 
since it liberated iodine front potassium iodide and showed 
the other reactions of a peroxide and a similar catalytic 
acceleration could lx; produced hy the addition of ozone, 
ltcnzoyl peroxide, oxidised turpentine or ether, to the linseed 
oil. It is still a matter of uncertainty as to the nature of 
this catalytic peroxide. Houzeau was of the opinion that it 
was dissolved ozone, whilst other investigators support the 
theory of an unstable peroxide of linolcic acid, similar in 
character to benzoyl peroxide, ft appears probable that small 
quantities of ozone can bo isolated from turpentine, oil of 
cinnamon and other essential oils, undergoing atmospheric 
oxidation, but that most of the activated oxygen is absorbed 
or combines with part of the substance to form a peroxide. 




(i/UM. 



38 

Jorriaon ami lteicdicr ("Hit.,'* „v>. H‘»J, IVJ7 ; ** /,cit. 
Angew. Cheni.," 22 , t'Mi), and ”<‘h< in. Xt-it.," a6, 99, 1902) 
showed that ozone. could la* foriii«-«l during the r<-«hirtiun of 
certain oxidising acids, wich ns chromic acid. attributed to 
the intermediary formation of an unstable peroxide with it# 
8ubne<jnent dunoMpositimi : 

O O ()- V 

(IrO, t- tCOOH), - H,«i i I t | 

(r o u v 

Relatively large quantities of ozone, however, am produced 
in the autoxidation of phosphorus, ami in view of tin* con- 
venience# of thin method of preparation th«* following detail# 
may he given : A rapid current of air is passed through a 
bottle containing stick# of yellow phosphorus, moistened with 
a dilute sulphuric acid acidified solution of |«j!aH»inm per- 
manganate or bichromate. The reaction proceeds hut slowly 
at 6“ (5., whilst the optimum temperature is stated to lai 2-1’ 0. 
Under reduced pressure the reaction »till proceed* at O' 

As is well known, pure oxygen reacts hut slowly with phos- 
phorus except under rcduci-d pressure A 20 )n r cent mix- 
ture of oxygen in hydrogen is particularly etlicaemus for the 
production of ozone, but the phosphorus is liable to become 
extremely hot, with the attendant risk of explosion. Hmall 
quantities of hydrogen peroxide are simultaneously produced. 
From time to time the stale phosphorus should b« re-fused 
in order to remove the superficial layer of phosphoric acid 
which causes a diminution in its activity. 

We have already noted that the theory of Brodie, developed 
by Clausius and van 'l Hoff, postulating the existence of two 
forms of oxygen 
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/O (ozone), 

Oj + 

\0 (antozone), 

wan supported by Schonboin as a result of these researches. 
According to this hypothesis all processes of autoxidation are 
dual in character, since two substances must simultaneously 
undergo oxidation. lCngler (“ Kritischo StUdien iibor die 
Autoxydatiousvorgiingo, Braunschweig,” 1903) has attempted 
to distinguish between those by terming the substance under- 
going oxidation the autoxidiser, and the substance simultan- 
eously oxidised the acceptor. Clearly, either the ozonic or 
antozonic form of active oxygen may react with the autoxi- 
disor or the acceptor to produce “ ozonides ” or “antozon- 
idos " ; thus ozone is an " ozonide," and phosphoric acid the 
“ antozouido ” produced in the autoxidation of phosphorus. 
Van't If off (lac. cit.) noted that the presence of excess of 
“ozonide" prevented the formation of the antozonide, and 
thus it necessarily followed that the primary reaction, 
Oj O + O was reversible in character. Bince the antozon- 
idc, viz, phosphoric acid, is not volatile the escaping ozonic 
form of active oxygon or ozone should be electrically charged. 
A search for this electrically charged form of oxygen in air 
which has been passed over phosphorus has yielded conflicting 
results. Elster and Geitel (" JPhys. JZeit.,” 1 6, 821, 1890; 
“Wied. Ann.,’’ 39, 457, 1903) noted that air thus treated 
was electrically conducting (see also Matteuoi, “ Enc, Brit,” 
VIII, daa, 1855 ; Naccari, “ Atti. della Scienze de Torino,” 
XXV, p. 252 ; J, Joubert, “ Thfese sur la Phosphorescence 
da Phosphore,” 1874; T. Evan, “Phil, Mag,,” 5, 38, 512, 
1897 ; J. Chappuis, “ Boll. 80c. Chem„" a, 35, 419, 1881). 
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However, n o<-kf*l f'* PtiyH. /.*n I \ , !*.«»:») ebow.-l that ibis 
conductivity was not dn«- t<» tin- presence of n/>mi which 
could he absorbed without destroying the conductivity . 

Burns (** Washington," 1 'Hil). Harms 1“ I'hy*. /.<■ it.," 
IV, in. 1002), and Hlorh ‘“Ann «!«• Hu mu- -t d- I'liys 
ii, 2,7, 10015) likewise showed that tin- r otiductn ity w.m not 
due to the presence of n/oitre oxygen ..r charg* d emic 
but to oxides of phosphorus collected round ehnr.** d imch j, 
forming aggregates of fairly large dimensions (>• HI * cm ), 
while the aetual number of charged gas miss nice rved fell far 
short of the stoichiometric ratio, oxygen absorbed oxyg»u 
activated : 1 : 1 , am postulated by the hypothesis A Blanc 
(“ CMt.,” 95 , 2, 117ft, IU11> showed the exidciice of both 
positive ami negative ions, the production of which was ac- 
companied by the formation of white fumes The production 
of these gas ions was accelerated by allowing the ptor**** of 
oxidation to take place m un electric field 

K, I’rxibram ("Akad. Wish, Wien, li«r,‘ i *tt, 247. HUgj 
showud that the charge on »adj gas ion was approximately 
6 x 10 l * K.H. units, and that 1 Tt * 10 * gins of phosphorus 
in the form of phosphoric arid was associat'd with t-m‘h K S, 
unit, and 1*3 * HI “gm# of phosphorus m <adi particle. A, 
Blanc (“C.R.,"' 158 , 1 192, 191 li claims to have discovered 
the existence of a radiation emitted during the antoxidation 
of phosphorus like y rays, extremely soft and not corpuscular 
in character. They am easily absorbed by air K Hoppe 
Beglcr ("Jieit. Physiol. Chem.," a, 2 - 1 , |H*H) , and Baumann, 
adopted the same hypothesis as Hrhonbein, hut substituted 
the somewhat less confusing term of " nascent " oxygen for 
Schbnbein's *' intone" and ” antoxoiiu It is, however, 
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evident tliat the case for the existence of chargod ions of 
atomic oxygen of opposite electric sign is not strongly sup- 
ported by the investigators cited above, although, as we have 
observed, the existence of uncharged atomic oxygen is a 
plausible hypothesis. 

M. Traubo (“ Be.r.,“ 15, GC.:i, 1882, and 1471, 1843; “Ges- 
ammelto Abhaiidlimgen,'' Berlin, 1899), A. Bach (“ C.R./' 
126, 2957, 1897), an«l (!. Kngler and V. Wild (“Bor.,” 30, 
10(17, 1897), and others, on the other hand, developed the 
theory of an intermediate compound. 

Thus, according to Traubo, the presence of water is 
necessary for al! these processes of slow combustion, a point 
of view strongly supported by the researches of Mrs. Fulhame 
(“An Kssay on Combustion,” London, 1794), B. Baker, 
H. B. Dixon ('* Phil. Trans.,” 175 , G30, 315, 4795, 1896), and 
H. K. Armstrong (B.A. Reports, “ Proc. Roy. Hoc.,” 40, 287, 
188fi) ; the primary reaction taking place; is the formation of 
an oxide and hydrogen poroxido according to the equation : — 

M + ()] •+• HjO ** MO + H a O s . 

The formation of Hchonbein's ozonides must thus bo con- 
sidered as due to secondary reactions betwoon the hydrogen 
peroxide and the acceptor, in some cases exceedingly improb- 
able reactions. Thus, it is difficult to imagine the formation 
of ozone by the action of oxygen in a dilute solution of hy- 
drogen peroxide according to the following equations : — 

P t + O, + H,0 - P,0 + H,0* 

HA +0, - 11,0 + 0„ 

although it is stated that by the distillation of strong solutions 
of hydrogen peroxide in vacuo ozone can be obtained. 
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Hach's modification of the hypothesis citthodied tht* con- 
ception of the formation of an unstable interim diary j*» r oxide 
prior to decomposition into an oxide with suuuitam nun oxi- 
dation of the acceptor thus - 

O 

M i <V»M , 

o 



(I 

M-' * A •* MO t At» 

O 



Kngler and Wild ("Her," 30 , 1 h'J7 ), and Ostwald 

(">5(iit. 1’hys. (them.," 30, *2 r iU, l'.KKJ) applied Hindi's euneep. 
tion of the itteehanitmi of professes of autoxidatum to the 
case under consideration, i.e. the formation of ozone by the 
autoxidation of phosphorus. 

Kngler and Wild suggested the following sequence of 
reactions : 

21* ♦ l», - I*/ 

% n 

A> 

\*t\ t - !',«> t O,. 
f> 



whilst Ostwald suggested that ft still higher oxidation form 
of phosphorus was produced as an unstable intermediate 
product : - 



* 21 * + 20 , 



A> 

v( 

s O 
O 



P/ 



o 



-*■ l*,0 + o„ 



thus giving the stoichiometric ratio, I* : O, : : *2 : 1 which was 
actually obtained by van't Hoff. 




CHEMICAL PRODUCTION 



43 



The fundamental difficulty inherent in the peroxide theory 
was raised many years ago in a remarkable essay by G, Live- 
ing (“ Chemical Equilibrium, the Result of the Dissipation 
of Energy," Cambridge, 1885) . It is evident that the per- 
oxide formed must be endowed with available energy 
greater than that possessed by atmospheric oxygen, and it is 
thus difficult to explain its formation as the result of an exo- 
thermic reaction from phosphorus and air. It is usually 
assumed that the chemical energy of one system is not avail- 
able for another totally different system, i.e. that the energy 
liberated during the oxidation of phosphorus is dissipated 
through the system in the form of heat. Liveing introduced 
the interesting hypothesis, that in certain cases, the liberated 
energy was not dissipated in this form, but stored up in one, 
or at least a very few, neighbouring molecules, which would 
thus be endowed with a great deal of energy. Thus we can 
imagine a simple transfer of energy from one set of reacting 
molecules to another set, molecule to molecule, and thus ex- 
plain the simultaneous equivalent formation of an endo- 
thermic compound, during a strongly exothermic reaction. 
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Hikck the formation of t« .1 ationgly 1 mint In mm: re* 

action, wo would expf** - t, a i p.mtl'-d util hy S'cniuf i' , Xfit. 
Kloktrorhnn.,'’ 0 , I'.Kt.'i). tW th< I'.pnhhrmiu 

•u», h 

would shift over from )<*fl t*» itj.'ht with « li-vuluiti of tin" tent* 
purnturr. An approximate i<l« a <4 il«<- o/<«ne ■••mrentrotiun 
in tapiilihriuur. with oxygen at various t<iii|nrnluri«, ran lm 
obtained hy two independent iu* ih«*l», fr<*iii a calculation of 
the value of K, the i*<|utlihriunt constant hy in<«i)<* of tin* 
NeniHt h«iit theorem, an well «h fr-«m tin* ohm no-d m« a*u ru- 
men In of the electromotive force <4 the n/oue oxygen rell 
According to tin' N< njwt lii-.it theorem P“ Application* of 
ThcrinodytiaiiiicH to rlx-nmtry .** Stlhuau HttXi), 

Oriim-iarn {" Arm. I’hys at», luj, J*»|"2i, I’.dlii/* r {” Ifvm-h- 
mmg Chrniiwher Aflimtah n norh «!«*•«» Xein*tolicn Warnu?* 
theorem. Ahrm* H annulling Knrke," l‘,Ui, s . a mtupie ex- 
primmmi for the equilibrium con"* taut K, m homogeneous go*, 
reactions can In- obtained in hrtm of known quantities, 
provided two basic assumption* are made, firstly, that the 
entropy of a condensed rhomirally liomogenw.ua system 
vaniebe* at the absolute w»ro, and secondly. that the specific 
molecular heat of a gas can be approximately evaluated 
from a simple expression 
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C„ » 8-5 + 2/9T, 

whom C,, is tho molecular specific boat and /9 a constant. 
Making these two assumptions (and much experimental evi- 
dence has boon adduced to prove the validity of the Nernst 
heat theorem), it is easily shown (loc. cit.) that tho equilibrium 
constant cun he obtained from the following equation : — 

- 4 .$ 1T + 175 log T - Sv + 2vC, 



where Q is the heat of reaction, 
and v„a + vj> v& + v d d 

v - v„ + v k - v r - v,„ 



v„ v k , v„ v, ( being tho number of molecules of such spocios, 
a, b, c. d, reacting, C,„ C», C„ C., being tho so-called chemical 
constants of each element or compound roacting. 



and 






2V0, - 8*fw 
21 ’ ' ’ 



applying this equation to the case under consideration, viz. : — 
20;, - 30.; + 08,000 calories. 

** - m - [ 3 ] - - 1 . 

Svc ~ (2 X 8) - (8 X 2'8) » - 2 4. 

Infonnation as to tho specific heat of ozone is at present not 
available, but with Pollitzer, we may.assumo that its value is 
not very different from that of tho other triatomic gases, such 
as sulphur dioxide, which has a molecular specific heat of 
10*5, then 

(3 x + 10 5) + ' “ °' 005 - 



Hence 

logK, 



08,000 

4 * 571 * 1 ? 



1*75 log T + 



0-005T 

■4*571 



2*4. 
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If x be the fraction of oxygen converted into ozone at equi- 
librium, then since : — 

■tr = X 1 

p ~ p 3 0 2 p 

when x is small, and p is the total gas pressure, 

log x = - - 0'875 log T + 0-0005T - 1'2 + i log p, 

from this equation the values of x, and thus the percentage 
of ozone present in oxygen at equilibrium at various tempera- 
tures, can be calculated thus:' — 



T° centigrade. 


P = 1 
lOta 


P = 10,000 atmospheres. 


1000° 


10-8 


1 

o 

H 


2000° 


10- 5 


10- 5 


3000° 


10-8 


10-1 



It will be noted that increase .of pressure greatly favours high 
equilibrium amounts of ozone. 

Somewhat higher values for the equilibrium amounts at 
various temperatures are arrived at by means of evaluating 
the magnitude of the potential difference between the ozone 
and oxygen electrode (see p. 63). 

The potential difference between two platinum electrodes 
immersed in the same electrolyte, one saturated with oxygen 
under a pressure ir, and the other with ozone at the same 
temperature and pressure ir lt is given by the equation : — 



RT , 7 r 

Y ~ Y ° 2F 0g TT\ 

where V„ represents the value observed of the potential differ- 
ence 0 2 / 0 3 , at one atmosphere, under conditions of reversi- 
bility. 
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1 hero exists cons id or able uncertainty as to the values of 
V-« thus Liitltor and Tnglis (“ Zeit. Phys. Chem.,” 43 , 203, 
1003) obtained the value V 0 =. - 0736 volts; Nemst (“Zeit. 
Kloktrochom./' 0 , 801, 1003), Y 0 = - 0 57 ; Fischer and 
Brauner ( Bor., 39 , 3031, 1906) - 0‘64, and - 0'46 volts. 

( ule.ulatiou from the value of K obtained by the Nemst 
heat theorem as follows, yields the value - 0'83 volts 



lf , K - - fiH,00 ° _ 1 - 7 * , m 0005T o a 
n " 4 571 T 1 75 Io § T + T57T ” 2 ' 4- 



logK 
K, 1 



273 x 4-571 
•l x 23,046 

0-0005T + 1-2)] = - 0-83 volts. 



_(+ + 0-875 log T 



It in evident that if tho pressures of oxygen and ozone are 
ho adjusted that the cell shall have zero E.M.F., this will 
represent the equilibrium conditions between oxygen and 
ozone. 



or 



V„ 



ET 

2F 



log 



7T 




or 

where A is a constant 



, 7 r A 

” fp 



T 



2FV„ 
E ' 



Tho values of the percentage of ozone in equilibrium with 
oxygen under one atmosphere pressure at various tempera- 
tures, as calculated from the above equation for the two 
extreme values of V„ i.e. V* = — 0'83 volts and V, = - 0 - 46 
volts, are given in the following columns 




< <X<i.\ I. 



•18 

/'iwute/f »/ Ky'utito turn 

( J::tnw . Ti'mjwi nluu\ “/Wsj •;V , Hrv, 

1'., li'VJ r.JI„ i‘„ 111'- ml?. 



10 


7'ioe 


. 1 1110 


1 


.Ti.ve 


. .--iid 


0-1 . 


aasi* 




OKI . 


}t»7l»* 


. U«Xi 


O’OOI . 


r.srr 


. . 



rt will he noted Unit, in (his nileuhtjon the change in 
specific heals nf the gasi s with itlfi ration in the temperature 
have been neglected, consequently tin- values are probably 
Hoincwhat too high, and in view nf the wi<h* discrepancies 
between the two value -i an experimental reileierniiimf tmi < <f the 
oxygen ozone electromotive force would ]»►• very dc-irahh-. 

Kroin the. foregoing considerations we must cniieludt that 
tbo quantity of ozone »n e*|nililirimn with atmospheric oxygen 
at norma! temperature and pressures »h scarcely i|> tuiuhle, 
and that if present in measurable rnnretif rations under these 
conditions true equilibrium does not obtain Furller np- 
precialile quantities of ozone may be. formed at high tempera- 
tures ami should be capable of detection and estimation, 

The estimation of ozone in gases which have been heated 
up to a high temperature, i*. noun what difficult owing to the 
fact that ozone rapidly undergoes decomposition to its 
equilibrium concentration during tin* cooling of the gas mix- 
ture. Dewar (*' Year Hook H I.," 559, 18 k 7) inferm! tlmt 
ozone had two centres of stability, one above the melting- point 
of platinum and the other at ordinary temperatures, whilst 
between these temperatures ozone is di-eornposed. Chapman 
and Jones ("Trans, Ohcm. Hoc.," 97, iMfi-'J, 1 ‘,1 1 -t, and 99, 
1811 , 1911 ) showed that at !00 C. nearly 7 ’i cent, of 
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tin* »««)«* in execs.-, of this almost undetectable equilibrium 
amount is destroyed in half an hour, whilst at •'100’’ C. it is 
practically in .ffuitanemis. 

r l*h>‘ explanation of those observations of Dewar is that 
tin 1 velocity of d« riunjiiisiiion of ozone, from high temperatures 
down to 11)0 C>. is extremely rapid, whilst below 1 ()()"(',. the 
velocity of deci imposition becomes markedly slower and the 
ozone apjM'ar i to he stable on account of thn oxtremoly low 
velocity of decoinpohitioii, the ti(|uilibriuin being ‘'frozen”. 

The earlier experiments of Hchotibein (Kngler, "Hist. 
Krilic Studien tiber Ozon,” Halle, 1B7!)), Bbttgor (“Ann. der. 
('•hem.,'' 135 , .*$4, 1B(U), I ’incus (“ Pogg. Ann.," 144 , 480, 1871), 
Htruvc (“ Jahrcsher. f. (!hem.,“ 199 , 1H70), and Traubo (" Bor./' 
18 . lH'.M, 1 KH.7 ), all indicated that small quantities of ozone 
were formed during the combustion of hydrogen. Similar 
results were obtained by the combustion of coal gas, notably 
by Than (“.four. f. Prakt. Chcm.,” a, 1415, 1870), Loow 
(“Zrit. f. ('hem.,'' 65 . 1870), Ilosvay (“ Bull. Hoc. Ohora. 3 , 
2, •’5ti0, 1HKD, whilst Zenghilis demonstrated the presence of 
ozone (“ Zoit. Phys, (Jhom.," 46 , 1903) in the oxygon which 
hail been raised to a high temperature by the combustion of 
aluminium powder. 

Contemporary with these investigations, others were 
carried out on the synthesis of ozone by meroly heating air 
or oxygen by means of an independent source of heat, as the 
objection may he raised to the former experiments that the 
ozone may have been formed by chemical activity (see Ch, III). 

As catalytic agent hot platinum or silver was generally 
employed, notably by V. der Willigen (“ Pogg. Ann.,” 98 , 
511, 1831), Meissner (“ Neuo Untersuehungen fiber Elekt. 

A 
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Hauerstoff," < iottinf'Mi, !8<i3), Lt-roux <"< .11., 50 , <*!tj, iHdfp, 
Troost and Hautnfmiillc C • * C * . K. . * * 84 , I'm?!, Helmholtz 

(“ Wind. Ann.,” 32 , 1 H, ]HK7).iuid Bister mnl to itel Wnd. 
Atm./' 30 , *.) 1 2 , 1800). Troost and Hmiiifun!!* >•. <,t.) 
duteclod tin: presence of ozone 111 uxy:'«n which J« cu 
hcatcid up to only MOO The o.\ v,\ T « n vv.i heindlupa ugc 
throngh a porcelain tube maintained at 1 loo {' In *»r*i« *• to 
effect tint rapid cooling of tin*. gas a \vui< r «*« » .}»*«! • ih< r lulu* 
passed along the ax is of tin: porn-lain tnl <**. bamph > t<l o\\ u 
were tlrawn from tin* annular space between tb> pom lain 
and the silver tubes by aspiration through a small sub* tube 
which passed into tlx* silver tube itself. 

J. Clements, at Nornst's instigation in I'.HU r Ann I'liys./* 
14, 334, 11)01), reviewed tin: whole subject and ratio* U< the 
conclusion that many of the previous observers had nit -taken 
oxides of nitrogen or hydrogen peroxide f<>r ozone. By the 
use of Arnold and MuntzM's tetrann thyi ba«-i* paper U«-r.." 
35 , 13*24, and 2'J02, HM>2), which is dinpme li<- fur ozone, 
Clements showed that ozone could be detected m tin- hot 
gasuH from a Bunsen burner, but only in very small «pun»tuie«. 
(Totramcthyl base paper is state.d to be sensitive to 0 uol per 
cent, ozone.) 

By the passage of ozonised air containing 1 per cent, of 
ozone over a glowing Nernst filament maintained at ]f«#i ('. 
at various speeds up to HO nun. per second, be showed that 
the rate of decomposition of ozone was extremely rapid, 1 
per cent U, sinking to 0-U0I per cent, in 0U07 seconds. 

In pausing air ov< r a Nernst glower even when heated tip 
to 3000 V C., only oxides of nitrogen were obtained, a result 
which was confirmed by Hoasi (“ (iaz. (‘him. llul./' 35 , 1 , by, 
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1905). ( 'lciin-ntB, however, confirmed the formation of ozono 
by spark discharge, and Brode (“ Aoit. f. Jiloktrochem.,’' 
ii, 751, 1905) ci]>Hi>m<() the formation of ozono in the high 
voltage are at 4000 (*. Ozone formation in these latter 
cases may. however, he attributed to the action of ultra- 
violet light isrc ji. 79i or elect ric.al ionisation, and not to the 
result of the establishment of a purely thermal equilibrium. 

Fischer and his co-workers Brainier (" Ber.," 39, 940, 
190(1), Marx (“ Her.." 39 . :«•:$!, 190(1, 40, 449, 1907), and Wolf 
(“ Bor.," 44, *295(1, 1911) realised from Troostand Hautofouille 
and Clements' experiments that rapid cooling was ossential to 
preserve any ozone which might ho formed, from secondary 
thermal deeonqwmitiou, during the process of cooling' to the 
point where the reaction of decomposition was negligibly 
small. They showed by a series of interesting researches 
that ozone could he formed by thermal mothods provided 
that the right conditions wore obtained. 

It was shown that ozone could be produced by plunging 
a jot of burning hydrogen or acetylene into liquid air, the 
ozone formed by the local heating being thus preserved by 
rapid cooling. 

When liquid oxygen was substituted for liquid air, large 
quantities of ozone were formed and the liquid rapidly be- 
came dark blue in colour, similar to ammoniacal solutions of 
copper salts. When an electrically heated platinised wire 
was immersed in liquid oxygon, practically no ozone was 
formed. This somewhat unexpected result was shown to be 
due to the fact that the platinum wire in the liquid oxygen 
underwent dispersion into colloidal particles which catalytic- 
ally accelerated the decomposition of the ozone. A bright 




platinum wire, protected from dr-pi rsi«<u 1*\ a rontm.’ of the 
oxides of zirconium and yttrium, g;i\« a uniform y i* 1*1 of 
ozone, Using a glowing Norm t fihuw nl in Is pud »ui and 
oxygen, ozone was i rpc i<tiic*«**l and no oxidcii of Ditto; < it. Tin* 
yield of ozone rose Mouldy with mcr< a lit** t> mpi i itun . the 
maxiumui eipuhbritiiit amount being 1 p« r ei tit In, weight 
at an approximate temperature of ’J’iuo , i ftpur* which 
bears a strikingly ehr-c a;;ri > tin tit to that obtain* d bj < aieuln* 
tion from the electrmm Ittt* f<<re* of the nx\g< u u/on* 
'raking V.. - • (N<» volt'., tin . corn - p »n«U to an e puhlmmu 
amount of IT) ja r cent, by w« ight at *2 <Mn t*. 

Utilising an arc in Injnid air n mixture- of ozone and nitro- 
gen peroxide was obtained wlneh fu<pu*»tly explod'd uh«tt 
attempts wcr<- made to w parati the r< Hidtml oxvg< n 

(JU\ O, 120 O d 1*2 7 ) 

The maximum yield »*f ozone obtains d by m« am. of a 
glowing Ncrnst filament in lejuid oxygen was |(i mgim* m 
twenty-five tn inn ten with a enrrent romuimptiou of ft 2.7 
amperes at UH) volt* cpial to a jnld of .'1 >7 grmm of 
per kilowatt hour. 

Fischer having thus demonstrated the thermal production 
of ozone with the aid of Injuid air, proceeded to extend 
Clements' experiments on the production of ozone by passing 
air at a high flow rah* over a glowing Nernst filament. Wit 
have already noted that Cltmuuit* was not able to deter t the 
thermal synthesis of ozone with air-flows of linear speeds, 
up to 80 cms. per second. Fischer and Marx, using much 
higher velocities, showed that ozone was formed under these 
conditions and obtained a series of interesting results by 
studying the conditions of oxidation. 
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When dry air is passed over a glowing Nernst filament 
two endothermic compounds may be formed, viz. nitric oxide 
and ozone. If moist air be employed the presence of hydro- 
gen peroxide may likewise be demonstrated. The thermal 
equilibrium concentrations of nitric oxide, formed according 
to the reaction 

N 2 + 0 2 ^ 2NO, 



have been obtained by Nernst (“ Gottingen, Nachricht.,” 
p. 261, 1904) and Jellinek and Finck (“ Zeit. Anorg. Chem.," 
49 , 212, 224, 1906) and are given in the following table : — 



Temperature. 

°C. 


Per Cent. Concentration 
of NO in Air. 


1811 .... 


. 0-35 


2033 .... 


. 0-67 


2580 .... 


. 2-02 


2675 .... 


. 2-35 


3200 .... 


. 5-0 


Jellinek ( loc . cit ,) likewise calculated the rate of decomposition 
of nitric oxide to its equilibrium value at various temperatures. 


Nitric oxide in this respect is 


markedly different from ozone 


since it is relatively much more stable at high temperatures ; 
the times for the decomposition of half a given volume of NO 


to nitrogen and oxygen at 
follows : — 


atmospheric pressure are as 


Temperature. 


Time in Minutes to Miffed 
SO Per Cent. Decomposition. 


900 ... 


7-35 x 10 s 


1100 .... 


5-80 x 10 a 


1800 .... 


4>43 x 10 



Similar calculations can be made for hydrogen peroxide. We 
should therefore expect that with relatively low velocities of 




air-flow over (In* glowing fil motif, * <n * v *ocnb -*f ij-t i »«;*» tx 
hIiouIc! lio olditiiii «1 : with Ingle r v- 1 it.r.fir* *<f ></.*, in* 

and ntfric and uitb v* n l.i *h v« ! i' < <*u!\ "/on >•, 

Kina: fho raff of fiiruiMtixn <»f inti c . - , i> t> »»*'i . it iite of 
decomposition is si n ibiv 1« tit - 1- tlx! <f • •/•«u* A wol in 
observed from tin- following fi**mi »<KtaiJ««l l<t 1 * < - b< r and 
Marx, tliis flnon-tn-il d< <1 u<-Jjmji t an. pit ••«»:!. mod !>y < x* 
pcriim-ut : 



I lotto' ttl 
M'-tn** )«*r »V». 



t < 1 u • * J.lr . 

♦ ,< *h‘/' t >< l t. > f 



r.i 

tt’ti 
it '4 



’l ‘ 4 * ' 

* » , i t . 

a :* 4 > 



At flow rales exri'i djii;’ 'id m'’r> }•* r * <* >*id n • <>\nb i of 

nitrogen could In- *1* t< «*f» »l in the air b*u <•/>>>’ was always 
present. The yield <>f <</*-»«• wa * infill* need huh by tbi* 
temperature of the glowing fihtii* nl it w«ll an by fb*> 
linear velocity of tin- gas flow, a<* Imwo m tie aj-je-nded 
tablr-H : — 



Wm/nTn/iir.- «/ 


li* njht / »f **»*>/ 

Cl 5<i tir 


tw. • 


'A i tt 




ift V*l /r* 


A'mnl ithm> r 


t . nJ 


o *. >♦) 


J *1 u 




ttl *(“. 


t t 


1* *» 


J <t h 


//» 



im 


ft fHi.fl 


<t <‘l J*. 


<* * 


U/IH 




<»0 s* 


II SI 


IMiT 


««!*** 


it «a*«j - 


• > M) 


177.* 


IKIJMa 


Cl U4r<% 


) «; 


I«« fc, ( 

im 


tlOU*» 
« IM 


I* oil*. 
Cl Jit ' * 


1 IV 

1 1 1 


1%U) 


<• OJ-I l 


Cl J ‘f. 


1 Ml 
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I Wi/ri/r/ * 1 / .Ji> 
i)i .V, I iv 1 IVj- .SYc. 



:i0 
It 
-'i7 
ft I 
7.'» 



Weight Per Cent. 
0 5 in 



.rf ir. 



Oxygen. 



at IHOfl a a 



O-OU 
0-0111 
0 021 
0 - 01 !) 
0-01-2 



0-019 

O-OH’2 

0-091 

O-ORO 

0 - 01)2 



Oim. 0„ 
I'er Kv>. Ur. 



0-29 

0- 85 
1TB 

1- 28 
1-07 



In tint presence of water vapour, the yiolds of ozone are 
considerably lower, anil hydrogen poroxido is formed. Tho 
influence, of the. water vapour was likowise investigated hy 
Fischer with tho following results - 



U'lll.T WifniH r 
/>, enure 01 
mm. Itg. 

•O . 

0-00-: 

an . 

ton . 

M i . 

it'J-a . 



M, PerCe.ut. 
itfO A . 

0-0219 
0-0I7S 
0-00206 
o-ooi -if; 
0-00106 
0-00070 



Wt. Per Cent. 
It./)., in 
10 LUrcs. 



. o-ou 
. 0-081 
. 0-074 



According to this investigator, the function of the water 
vapour when present in hut small quantities is purely cata- 
lytic in depressing tho yield of ozone by accelerating the 
normal decomposition according to the equation — 

20, -v 30 a . 

When present in large quantities a reversible equilibrium 
obtains as follows : — 



O a + HA £ H,0 + 0, + 20. 

Nernst (loc. cif.) has calculated that the ratio of the equili- 
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brium concentrations of U >( mul O formed arrtordin;; to (ho 
reversible equations 

( >, 7: ( > 3 »• ( >, 

()j o o, 

is as 10 M to 1 or atomic oxygen t*> present in u!m<id vanish- 
ingly small concentrations; consequently,!!! thenliMverraetinn 
the yield of ozone and of hydrogen peroxide in extremely 
small. Fischer was thus ah!*' to prepare o/mte, mine oxide, 
or hydrogen peroxide, all eiidotln rmie emupoundH, from air 
and water vapour at will by controlling th< renditions *o ih 
to take advantage of the different rales of format mu and 
decomposition of those substances at definite temperature a. 




CHAPTER V. 

THK KI,KOTR0l,YTI0 PRKPAHATrON OF 030NE, 

As early as 1H01 Oruickshank drew attontion to the fact that 
electrolytic, oxygen, generated by tho oloctrolysis of diluto 
sulphuric acid at insoluble anodos, frequently contained 
ozone. 

Se.hdnhoin (" Ann. I'hys. Chora.," so, 6 lti, 1840) showed 
that the optimum yield of ozone was obtained when the sul- 
phuric. acid electrolyte, contained 23 5 to 26 !) per cont. of 
sulphuric acid ; solutions of phosphoric acid when submitted 
to electrolysis likewise yielded small quantities of ozono in 
the anodic oxygen. 

Do Marigmu; (“ C.R.," ao, 808, 1846) appoars to be the 
first to point out the necessity of using cool electrolytes for 
the production of ozono; similar observations were made by 
Williamson (*‘ Mem. Chera. Soc., 1 ’ a, 396, 1846), H. Mei- 
dinger (" Ann.,” 88 , 67, 1853), and Baumert (“ Phil. Mag.,” 
4 , 0, 51, 1853). 

The next advance to bo recorded was the observation of 
H, Moidinger (“ J.C.H.," 7 , 161, 1854) that small anodes 
were essential for tho economic production of ozone. With 
the aid of an electrode only 20 mm. long by 0’5 mm. wide, in 
a sulphuric acid electrolyte of density T9, he obtained 0 - 3 
per cent, ozone in the anodic oxygen. 

fioret (“Pogg. Ann.," 93 , 504, 1854), showed that the 

(57) 
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<|iiantity of ozone ] *1 «« *ivt t » i| in tin* <r<y*»> 11 \vu*< rmitn-d 1 «y 
various faeturs. A*; cl* etrode material. l*ri;*lii platinum, 
gold ur platinum iridium w»*re found mo 1 *'itt:ih]e, ‘.jiiee 
oilier eieeirode limb rials. siieh n*> * s K «>r, black }>' iTmiini, 
or oxide anode)!, sneli a; li ad, iron or ti luti «* :tti* -*>, exert a Very 
considerable activity in tin* catalytic d> rojnpoMtii.it nf any 
ozone which might lie formed at the *.tirfa>-r 

The teiii|iera(nre of the niljdntric acid < b ctrohtf and also 
of the anode itself play; an import int jnrt in obtaining 
relatively large yields of ozone. Soret (/oc >/t i obtained the 
following ozone ronei-nt rations win n using constant currents 
and electrolyte coiujioHitioii : 



7 Vw //millin'. 



f*t ' H 1 
t }f#a}» \ft if . . 



hi < it 
IT C. . 'V 



ti i:. 



a i 



I)e la ("mix {*' l/()/.one, * j>. 7'.*t giva >< tin- follow in,* valm . for 
the volume percentage of n/oue Ids rated to the oxyt" n at 
different temperatures : 

Kleetrolyte II, SO,: 11,0 : : 1 : b 
7 Vm/<ri*iffin\ 1 ‘ Jvi i n< 

ttf f tS *fV , 

Hooill . . O i 

r," (, a. . i 

Ice mit| will tm-r tun la i x l*i rn . . y 

Andrews ('* J’htl. Traits," i, utilising go -si per 

cent, sulphuric acid as eleetrolyte and a Inmeh of platinum 
wires as anode, kept cool during electrolysis by immersion of 
the cell in ice water, obtained OH. 1 ) per cent ozone. Hrltdnn 
('* Ber,," 6, 1274, 1H7H) claimed the production of d'itl to 
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HTi per cent. ozone, and Carius (" Ber.," 174 , 1, 1874), B'44 
p<tr cent, of ozone by similar moans. 

IJortholot in 1H7H (“ C.R./' 86, 74, 1878) observed the 
formation both of ozone and hydrogen peroxide in sulphuric 
and other electrolytes and that high anodic current densities 
were essential for the production of ozone. The conception 
of anodic current density as distinct from tho utilisation of 
small anodes marked a fundamental advance in tho olcctro- 
lytie synthesis of ozone. 

Pnrsulphuric aeid (ILK./)*) is simultaneously produced 
when very concentrated electrolytes are employed. 

The investigations of Bortholot were continued by 
Jticharz (“Wiedemann Annalen.,” 34, 183, 1885; 31, 912, 
18R7), who determined the yields of ozone, persulphnric acid 
and hydrogen peroxide respectively with various current 
densities and varying sulphuric acid concentrations at 0° C. 
It will be noted from the following tables that Richarz con- 
firmed tho previous observer's results as to tho necessity of 



high anode current 
electrolytes : — 


densities and 


relatively concentrated 


( 'alndntfil Vttlutnfi 
uf (), f/ilxriitfd 
Unrinq a lh flush' 
Time. 
t,Urr t. 


Yield of Oxygen in the form of : 

Oumr. I’entUjihuric Acid. 

Uilrm. 


2-1 


. , — 


. 008 


3-71 . 


, — 


. 0-40 


7*47 . 


. — 


. 2-32 


17 '12 . 


. 004 . 


. SOS 


800 . 


. Oil 


. 10-26 


45-4 . 


, 0'20 . 


. 24-70 


05-7 . 


. OOl . 


. 3900 


050 . . 


, 11 


, . . 46-60 




00 



I i'/.< IN I*. 



! /vr r.iit. 

| Sui/ihm if JrW. 

1 


i*l» hi f J O *W. 


IV.I./ / rr 
\<iij 1, ick .In 1. 


Vi. M . i Hvlr, 
*! r. /Vrwji/,*, 






in 7‘. rx.- 


• / il\ (i‘n. 




/.*?»«*«. 


/. i*r> '. 


/..'r. . 


UH 


0*11 


11 t.J 


(1 


| l*i-H 


(1 1*1 


i. *, « 


O 


i '!<• ! 


n i! 


11. 7. t 


• 1 




n i 1 


;*.< 10 


fl 


! Ml -7 


Cl* 5 U 




fl 


HHI 


tl*fh. 


1- “• 


‘■‘.1 


(.'(•1 


*1 lf‘. 


! 1 < 


.1 1 


vv«» 


mu 


y .Vi 


1 ri 


h*l*I 




!• *1 


* 1,1 



Mr.lxi id (" Trane Chem Sue," 44, 'it, Ihul'n mmdnctcd a 
very thorough inv< station into the *■!« rtrnh tie pri pnrntion 
of 11/.0111:, he showed tin- iiu|M<rtH»n* uf the vanun. factor#, 
vi/.. acid density, temperature of tin* i<<!utu<n and current 
density lo which nU«nti*«n had ln*-u dnwn liy previous 
investigator#. 

Prom tin* following figure 4 tli*- **sctrn*»r«imary yicldtt 
obtained l»y McLeod nu- evident • 

Ftrrtrwi'' Mntt'tuil, 

It pint Hi ion wiri-« , 

1 Him. I>ihr iiy 0 0i:< min 
ilUmen r 

f! [lUUmim wirri . 

0 mm. I'idr Ity 0 l)l?i mm. 
ilmuu.-trr 



ihrnnl‘ 1 '/ 
,1ru/ 


i"rt f «>', 
(h 1*1 «" Av 

1 > /« (Hr, 


Cur rail (Mull ; 

.1 1 -r Cm, 


f 1 II 'V 
1 lit'. 


t i'« 


*><1 


If. 7 


VI 15 


1 1 ,‘N 


•1 U 


Ml 


P- 


l<. V 


Ml 


* I ’D 


or 


VI 



The. influenco of the acid density on t>i*» production of 
available oxygen in the electrolyte in the form of persulphuric 
acid and hydrogen peroxide wars likewise investigated, the 
optimum production occurring with an acid density of 
apecific gravity 120 with a current density of fiO amps, per 
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sq. cm,, as is evident from the: following figures taken from 



McLeod’s data : — 






Current Den ity 
Amjii.jSti.dtu. 


A Ctrl Demit tj. 


Mills, active (>. 
Per 100 Mnla. It 
evolved. 


U . 


1-Ofi . 


. 11 -OH. 


61 . 


. lie 


. 20-80 


M . 


. 1-16 . 


. 2frH 


a i . 


1-20 


. :m 


60 . 


. 1-26 . 


. «*>•!) 



With the introduction of the ionic theory by Arrhenius 
and vau’t Hoff in 18H7 a more systematic investigation of tho 
anodic reactions taking place during tho electrolysis of dilute 
sulphuric acid was commenced. 

It was shown that if the potential difference between two 
platinum electrodes in dilute sulphurie acid he gradually 
raised and the current intensity be plotted against the ap- 
plied electromotive forco a Herios of breaks occurs, which 
breaks, on the ionic theory, correspond to different anodic 
ionic discharges, the discharge of hydrogen being the only 
cathodic reaction. Careful investigation has shown that the 
ionic discharges associated with each break in sulphuric acid 
and electrolyte are us follows : — 

P. I). Anodic Discharge. 

lOH O" -*•<)„ 

1-07 20H* — >• O a + HjO 

1 - 96 S0 4 *’ -> H,80 4 + 0, 

2- 00 HBO/ ■* (HS0 4 )„ 

2-88 SO" _* O, 

In 1889 Ncrnst, by the introduction of tho conception of 
electrode solution pressure, pointed out tho rnothod of deter- 
mining tho influence of the anode potential on the discharge 




m 



ozmm: 



of anions without having to take into account any eatlmdic 
reactions. 

If a platinum electrode he saturated with oxygi n under a 
definite pressure at a temperature of V , and immersed in a 
sulphuric, acid electrolyte, normal in re port to its hydrton 
concentration. elect ideal equilibrium will finally !«• arrived at 
between tin' «»sy;***n molecules, utoius and Join in the elec- 
trode and electrolyte, the i Jertrude Is coining positively 
charged relatively to tin* solution by tin 1 discharge of nega- 
tively charged oxygen ions, 

*• Ve 



(• 

I 

t -*-<r 

t 

t 

and a condition of equilibrium will obtain when the potential 
ditfere.ncc between solution ami electrode liecomes ‘iiitficieiitly 
great to prevent tin* discharge *«f any more negative ions. 

ff V lie the electrode-electrolyte potential dilb reiicc, 
fd). t and /iO" the. molecular eln-micul potentials of the oxygen 
gas in thn electrode and of oxygen urns in the solution, then 
if wo imagine the transfer of a quantity of electricity r.< from 
electrode to solution, the electrical work will be equal to 
- VSt, the change, in molecular chemical potential per inol. 
will lie fi() 3 2/iO", therefore, the work done on the transfer 

of this quantity of electricity is equal to 

1 /'2g0* ■ fiO" t 
* St 

where e is the charge associated with one gram ion of a 
monovalent clement. 




11IK I'XKrriIOlA'I'H* ritKI‘AUATION <>V 07.0NK 



03 



If the conditions of reversible equilibrium obtain, then 



Now ft log 7r()„) for a dilute solution, where 

if> is independent of the. concentrations, it being merely a 
finietinli of (he temperature. 



similarly fiO" T(<£0" + it log CO'*). 

,. v ■>" jiU 



I 



UT, CO" 

' V - + ><>, 

h’urther, since in aqueous solutions 

yuO" + 2/xiI fill.jO, 

.. \/ 1*T . I 

' ‘2* ‘ >fi C’l'tJirU.; 



which gives iui expression for the variation of tho oxygon 
electrode potential, with alteration in the hydrion concentra- 
tion of the. solution and the pressure of tho oxygen gas. 

The value of V, is approximately - K15 volts, whenco 
the value, of the cathode potential for a hydrogen olectrodo in 
normal hydrion solution under a pressure of one atmosphere 
is -f 1*08 - T8f> - - Q"27 volts. 

If an oxygen electrode ho sot up against an ozono elec- 
trode, the difference in potential between the two electrodes 
can be calculated in a similar manner and found equal to : — 



,, , KT , 7t0 3 

v - + 2, to « *v 



Luther and Inglis (“ Zeit. f. Phyeik. Chem.,” 43, 1203, 1903) 
first attempted to obtain an approximate value for V.' by 




uXMN'K 



r»4 

measurement of the potential ditterenec between an nxygni 
and an ozone charged platinum electrode iimner-ed in dilute 
sulphuric or nitric, add. They obtained the value :• - 
V ,* ' • 0‘7'tfi volt?;. 

W<! have noted that approximately tie wum* value, viz. 
-• O'Htt volts, run lie obtained by calculation from tin* NYnist 
heat theorem. Subsequent investigators lmve found con- 
siderably lower values: Wriist (** Zeit. Klektrocheiu/' 0. hit, 
lilOil) obtained the v.aluo V •* U. r >7, ami Im«*1iit and 

Hr;«uier(" Her./' 34 , .’hi’II, lU(t»i;tbe values tlOf to 0-1(1 
volts. It would appear from the expcrimi nts of th> ve latter 
observers on the thermal equilibrium, that tin* lower value, 
viz. - 0'. r >0 volta is probably more correct. It tx possible 
that the higher values obtained by the earlier experimenters 
were occasioned by the presence of oxozone ( in the ozone 
round the. electrode, and a mnvrstigation rtf this 1 leetrodic. 
reaction is clearly eminently desirable. 

From the above calculation it in evident that an extremely 
high anode potential is required to remove the formation of 
ozone, whilst, in order to ensure ito stability when produced, 
both nlectrtslc and electrolyte must he kept cold Fiseber, 
Masscucz, and Bondixsohn ("Zeit. Anorg. ('hem,/' $a, 202, 
1007 ; If, 229, 1007; 6i, ]:», ISKt. lWJt, realising these im- 
portant factors, improved upon McLeod's results by adopting 
the artifice of water-cooled electrodes, in addition to the sup- 
plementary cooling of the electrolyte. 

Id their earlier experiments, a small platinum tube ti mm. 
long was sealed to two terminal glass tubes and nerved as 
anode; Die tube itself was covered with glass with only a 
thin strip, 0 4 mm. wide, exposed to the electrolyte. 
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Cold water was circulated through this anode, and the 
electrolyte was kept cool by immersion in ice water. 

Utilising an anodic current density of 58 amperes per sq. 
cm., and a sulphuric acid concentration of density 1'075 to 
1'10, a yield of 17 per cent, ozone by weight (ll'B per cent, 
by volume) was obtained in the anodic oxygen. 

A glass-covered, rhomboidal, platinum tube was then 
substituted for the cylindrical one, and one edge, 01 mm. in 
width, was exposed by grinding away the glass. The length 
of the tube was 1T5 mm., and it was maintained at - 14° C. 
by circulation of a solution of cold calcium chloride. A yield 
of 28 per cent, ozone by weight (19 per cent, by volume) was 
thus obtained. By embedding platinum foil in glass, and 
exposing one edge only, 0 - 01 mm. wide, to the electrolyte, 
slightly lower yields were obtained, viz. 23 per cent, of ozone 
by weight. 

In confirmation of McLeod’s results, the optimum 
concentration of sulphuric acid lay between = 1075 and 
110 . 

They noted that the quantity of ozone produced per kw. 
hr. rose steadily with continued use of the platinum, which 
became quite bright and burnished by the gas evolution in 
course of time. 



A yield of 7T gms. per kw. hr. was obtained at a potential 
difference of 7 ‘5 volts, and an anodic current density of 80 
amperes per sq. cm. If we calculated the theoretical pro- 
duction of oztme per kw. hr. from its heat of formation, i.e. 
34,000 calories, the yield of 7'1 gms. per kw. hr. indicates an 



electrical efficiency of only 



7'1 

1200 



= 0'6 per cent. 



5 




G(i 






K Fischer assumed ili tl tin jittruui «i i li it •' of • />me 
occurs according in tin 1 c<|iniii«*n 

:$o -> o, i r« j, 

wliicbozone ih partly d< .» 4 l»v tin < it it 1 tin »* 1 1 « n « «f 

the anode surface 

Other, hut has <ilte,irtnu- m« t)i«*«l hu> 1 < « n «.*.v»stiii 
from tilin’ to turn* f*<r raising tlx Hindi di i)n»j*> pinutia], 
and thus iuereusinj.; the yn M of u/ou> 1 ) mvm uid Hard- 
nor utiliw d a saturated solution of pot. is unit j«* rttnuv matt* 
in from ■> to 10 per nut uf sulphure vid, uni "blamed 
relatively high eoiicentritioiis nf o/<.n» . ilu«un« m-l run 
likewise In- subatitult d fur tin- ji< rmaiu'nn »!* 

8l> Kdtur adopted tin* imin wleil mfi in< n imllt*«l of 
obtaining u high anode cumul ihn»ity. l*i «m]do)iitg 
moistened crystals of phosphoric «*td, or c4»i*!ji' putadi or 
soda, ns the electrolyte 

In this way, the »*!crtr»lyU* wan giv»n Niiltuvut renduc- 
tivity for passage of the nil rent, yet at tie* »mn<* tune only 
point contact lirtwmi th** moistened «-ry*«t i»Ih and tin* anode 
was ensured 

Archibald and von Warteiiberg i" Y,< it hbktrocheni 17, 
812 , 1011 ) pointed out that the low yields of o/oin* accom- 
panying the ehr truly te- decomposition of dilute sulphuric 
acid were probably ocn.-iHioned by the high «bgrn* nf anodic 
polarisation that was produced when operating at high cur- 
rent densities, In agreement with FWher t h< y cnnsnlercd 
that the primary formation of ozone takes place according 
to the equation — 



JUT — 0, + «>©, 
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ut that the subsequent catalytic decomposition of ozone at 
he electrode surface 

20 3 -*■ 30 2 

fas not the most important factor. It was suggested that 
ae ozone thus formed is further oxidised at the anode — 

0 3 + 0 *' 20 2 + 20 , 

onsequently, if the anodic polarisation could be diminished 
hthout alteration of the anodic current density, increased 
ields of ozone could be obtained, since the secondary oxida- 
on would be diminished. 

A series of experiments were carried out in which an 
iternating current was super-imposed on the direct current 
owing through the cell ; this method of reducing the elec- 
•ode polarisation having been utilised in the Wohwill pro- 
’.ss for the electrolytic parting of gold and silver, and in the 
ectrolytic preparation of hydrogen peroxide. As electrodes, 
lort platinum wires or platinum capillaries cooled with 
ater were utilised, as electrolyte sulphuric acid of varying 
>nsity, whilst a direct and alternating current of variable 
iriodicity was applied simultaneously to the cell. 

It was established that the optimum acid density varies 
ith the area of the electrode and not only with the current 
snsity, more concentrated electrolytes being desirable for 
g electrodes as indicated by the following figures : — 

Area of Electrode Optimum Acid 

in Si- Cm. Density. 

0-041 1-84 

0-838 1-478 

ie yield of ozone was also affected by the periodicity of the 




alternating current. especially with earn nt <d hot fn jm n* y ; 
above '20 periods p< r second tin* * • ff* rt w.» . n<»i <i tu uK< <i. 



iHmct .l|l<riii|'i<ijl 

Current. < n rrt >.r. 
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It was noted 


that the applnd 


potential 


liffereliee in 



for the passage of the current rose until the ratio 

alternating current c . xm . )j<>(1 ^ tb( . lt (HJJI ,| )v », ink mUl] 

direct current 

this ratio became e(jual to <1. which w«>. found t«i lie mi 
optimum. The potential difference was fnimd to sink with 
increasing current density. 

Their optimum yield wa« obtained tinder tin* following 
condition!) :~* 

Electrode, arm : - O’JfcW «ij cm periodicity 1 H v j»> r sec. 
Temperature: W C 
Acid density : 1-I7H 



iMrtcl j Alternating 

Current. | Current 



A a. 

if.C. 



Ampere i. 



A niei* 
fmtUHly 



Vet Cent, t), 

ity V -iutne i 
CnlrH O't l an the \ 
( urttnl, j 



0*28 



VIA 



0 075 



17 



i 



The most important result from a technical point of view 
was the effect of the alternating current on tho potential 
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difference necessary to effect the passage of this current ; in 
the above case only 2 75 volts being necessary with an anode 
potential of 0’71 volt as opposed to 7'5 volts required by F. 
Fischer for direct current. We can calculate from the above 
data the production of ozone per kw. hr. as follows: 
96,540 coulombs or 26'8 ampere hrs. liberate 1 gm. equiv- 
alent, or 11'2 litres of oxygen gas. Under the conditions of 
operation, however, the liberated gas contains 37 per cent, 
of ozone which would result from the condensation of 55 ' 5 
per cent. (37 per cent. + \ 37 per cent.) of the oxygen, which 
weighs 4 40 gms. Hence 26 '8 ampere hrs. liberated 4’40 
gms. of ozone. The potential difference which has to be ap- 
plied to the cell to effect this liberation is 2'75 volts, thus 
4'4 gms. of ozone are produced by the expenditure of energy 
equal to 26 - 8 x 2'75 or 73‘7 watt-hrs., representing an output 
of 59 gms. per kw. hr., or over eight times the yield. This 
yield approximates to those obtained by the method of the 
silent discharge, and it would appear possible, if larger 
electrodes, and a cooled electrolyte were employed, to develop 
this method of producing ozonised oxygen both for strong 
and weak gas concentrations for the purposes of technical 
production: 




CHAPTER VI. 

PRODUCTION BY ULTRA-VIOLET RADIATION. 

In 1900, Ph. Lenard ("Ann. der Physik,” i, 480, 1900), utilis- 
ing a quartz mercury vapour lamp as a source of energy, 
stowed that ultra-violet light of extremely short wave length 
was an effective agent for ozonising oxygen. Both Lenard 
and E. Goldstein (“ Per.,” 36, 3042, 1913) showed that 
ultra-violet light in the Schumann portion of the spectrum 
within the spectral region X = 120 ^to X= ISO ^ exerted 
the maximum activity in this respect; Goldstein ( be. cit.) 
actually obtaining pure liquid ozone by means of a quartz 
vacuum tube. Regener(" Ann. der Physik,” 20, 1033,1906), 
who reinvestigated the matter, noticed the int eresting fact 
that although light of wave length X = 120 ^ to 180 /a/u. was 
a powerful ozonising agent, yet light still in the ultra-violet 
portion of the spectrum of wave length X 230 to X, = 290 /r/t 
(especially X = 257 /a/ 1 ) exerted an equally efifectiwe catalytic 
decomposing effect. Ozone is thus formed by light of short 
wave length and decomposed again by light of slightly longer 
wave length. According to E. Warburg the ozonisation 
effected by ultra violet light likewise increases steadily with 
the pressure of the gaa (“Deut. Phys. Ges. Vehr,, 17, 10, 
184, 1915). 
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Effect of Radiation of Short Wave Length. 

Since marked concentrations of ozone result when oxygen 
is subjected to irradiation in light of this wave length, it 
necessarily follows that the energy necessary for the forma- 
tion of ozone from oxygen 'is derived from the light, the 
process of ozone formation being a typical photo-chemical 
synthesis. 

According to Planck’s quantum theory (“ Vorlesungen 
iiber die Warmestrahlung," M. Planck, Leipzig, 1906, pp. 100, 
et seq.), radiant energy is discrete, and can only be emitted 
by an oscillator or absorbed by a resonator in definite quanta . 1 
The magnitude of the quantum bears a definite relationship 
to the frequency, of the light e - hv, where e is the magnitude 
of the quantum, v the light frequency, and h Planck's constant 
equal to 6'85 x 10~ 27 erg seconds. 

Quanta, or the units of energy, may be emitted or absorbed 
in single units or in even multiples of that unit at a time. 
Two hypotheses have been advanced to explain the directional 
motion of the quanta since it is evidently rectilinear in 
motion. A. Einstein (" Ann. der Physik,” 17 , 133, 1905) pos- 
tulates an entity for the quantum in the form of a light cell 
which moves uniformly in the direction in which its centres 
of gravity is projected. Sir J. J. Thomson (“ Proc. Phys. Soc.,” 
14 , 540, 1908; “Phil. Mag.," 792 , 1913) has advanced the 
ingenious hypothesis which assumes that the light travels in 
the wave form as postulated on the old hypothesis, but that 
these waves are confined to certain directions, being virtually 

J-Xt is, of course, possible, and indeed more probable, to assume that radiant 
energy appears discrete because matter is discrete, and that the radiation 
itself is continuous. 
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kinks in Faraday tubes which project from the point source. 
A b eam of light is thus compared to a bundle of a number of 
Faraday tubes, and light transmission is effected by trans- 
mission of pulses naturally of definite magnitudes, and there- 
fore in quanta along these tubes. 

The elements when raised to a high temperature emit 
light in the form of spectral series. In all elements two 
distinct types of light emission can usually be observed, 
namely, band spectra and line spectra. Various investigators, 
notably H. Delandres (“ C.R.," too, 1256, 1885, et seq.) have 
shown that the elementary band spectra can be divided into 
groups related by the expression v = Bn 2 + /3, where /3 and B 
are constants, and n a series of integers, whilst in each group 
the frequency of the bands v 0 are also related by the ex- 
pression : — 

v 0 — A (m + a) 2 + d, 

where A, a, d are constants, and m a series of integers. 
Again, in the line spectra, J. J. Balmer (“ Verh. d. Natur, ges. 
Basel,” 2 , 648, 750, 1885; “Wied. Ann.,” 25 , 40, 1885), 
C. Bunge ("B.A. Reports," 576 , 1888), F. Paschen (“Ann. 
der Physik," 27 , 537, 1908, 35 , 860, 1911), and J. R. Rydberg 
(“K Svenska, Vet. Akad. Handl.,” 23 , 155, 1890) have, 
shown similar relationships. 

From these and other considerations (see J. J. Thomson, 
“Proc. Roy. Soc.," 14, 540, 1908; “Phil. Mag.," 19, 381, 

1910) ; J. Stark (“ Prinzipien der Atomdynamik,’’ Leipzig, 

1911) we deduce that a chemical element is not composed of 
homogeneous atoms or molecules, but that each atom or 
molecule is composed of at least two parts, one which gives 
rise to a line spectrum, and the other to a band spectrum 
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when excited. The light thus emitted is periodic in character, 
being produced by some form of oscillation or oscillators, 
each periodic movement corresponding to one series- of bands, 
or lines in the spectrum. 

From other considerations, such as the electrical pro- 
perties and radioactivity of certain elements, the composite 
nature of the atom receives confirmation. 

Sir J. J. Thomson, who first suggested this actual structure 
for the atoms, although speculations on the electrical nature 
of matter had long been made for the purpose of calculation, 
assumed the existence of a relatively large positive nucleus 
with the negative electrons (or corpuscules) distributed in it. 
A small positive nucleus with the electrons rotating round it, 
in fact a small planetary system, is now a common hypoth- 
esis. It is at present uncertain whether the inverse square 
law or some higher power such as the inverse fifth power 
conditions the rotation of the electrons. Information is also 
lacking whether the electrons rotate in big or small circles, 
i.e. whether the plane of their rotation passes through the 
centre of gravity of the atom or not, and it is also a matter 
of speculation whether the electrons are point charges, or 
consist of rings such as are found in the satellites of Saturn. 

It can easily be shown (see F. A. Lindemann, “ Verb., d. 
Phys. Ges.," 13, 482, 1911) that the amplitude of the vibrat- 
ing particle in the oscillator emitting fight radiation is of the 
order 10~ 9 to 10~ 10 cms., or from 10 to 100 times smaller 
than the actual diameter of an atom ; we are therefore forced 
to the conclusion that the oscillators, both for the band and 
line spectra emissions, are to be found in the atom itself. 
Much evidence has been adduced to show that the source of 
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infra red radiation is the atom, of the visible light the charged 
atom, and of the ultra violet light the electron, the band 
spectra owing their origin to the oscillations caused by the 
swing of a valency electron about the positive nucleus. 

If we imagine a valency electron circulating in its orbit 
with a definite and constant momentum, a definite amount 
of energy E must be supplied to remove the electron from 
the system. If the electron be nearly but not quite removed 
from the sphere of action of the atom it will oscillate about 
its mean position of rotation and emit light. The energy of 
oscillation must, according to Planck’s hypothesis be a mul- 
tiple of quanta, or : — 

nhv where n is a whole number, h Planck's constant, and v 
the light frequency. 

hence E must be > nhv to cause deformation and light 
emission; the smallest value of n is unity, so to cause light 
emission by deformation of the orbit of a valency electron — 

E = hv, 

E 

or i/must be less than — . It necessarily follows that as E, 
n 

the energy of deformation, is decreased, the wave length of 
the light will increase or be shifted towards the infra red 
portion of the spectrum. The band spectrum of an element 
thus, according to this view, optically expresses the configur- 
ation of the valency electrons in the molecular system. 

The relationship between position of the band spectrum 
and complexity of the molecule in which the valency electron 
is oscillating, can be clearly shown in the case of oxygen. 

Monatomic oxygen, viz. 0, has a band spectrum in the 
region X = 245 ^ to X = 333 yu/i (W. Steubing, “ Ann. der 
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Physik," 33 , 353, 1913) . In diatomic or molecular oxygen, 
viz. 0 2 , the band spectrum is shifted towards the ultra-violet, 
viz. X = 120 /a/a to X = 190 /a/a, since the energy E, required 
to remove a valency electron from two positive nuclei, is 
much greater than is required to remove one of the two 
valency electrons from the single positive nucleus of the 
atomic oxygen. In ozone, on the other hand, not only is it 
evident from its endothermic character, but also from a visual 
representation of three positive nuclei coupled by valency 
electrons, that the energy required to remove a valency 
electron from the ozone molecule will be less than from the 
molecular form, i.e. the band spectrum will be between the 
two former. In fact, a strong absorption is noted at X = 
258 /a/a (W. N. Hartley, "Chem. News," 42 , 268, 1888). 

The oscillator of the series spectrum, on the other hand 
(J. Stark, “Die Elektrizitat in Gasen," Leipzig, p. 447, 1902), 
is to be found in the positive ion resulting from the complete 
removal of a valency electron from an atom or a molecule. 
The notable experiments of Sir J. J. Thomson ("Phil. Mag.,'* 
13 , 561, 1907, 21 , 275, 1911, et'seq.) on cathode ray analysis 
have indicated that such ions which have lost or gained a 
valency electron possesses actual entities, and can be distin- 
guished one from another by their difference in electrical 
charge ; thus in the case of oxygen there have been isolated 
the charged gas ions : — 

-H- 4* “ — 

0, O, 0, 0, 

as well as oxygen molecules of various charges. 

F. Horton (" Phil. Mag./’ 22 , 214, 1914) has identified as 
carriers of positive electricity, giving positive band spectra in 
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oxygen, the following polymers of electric atomic weights 
8 , 16. 32, 48, 96. 

N. Bohr (“Phil. Mag.,” 26 , 476,1913) attributes to the 
oxygen atom a nucleus carrying eight unit position charges 
with eight electrons, of which only two appear removable by 
methods at present available. 

The Mechanism of Ozone Formation. 

We have already noted that the oxygen molecule when 
subjected to ultra-violet light radiation of the correct fre- 
quency for resonance may absorb quanta of energy. Similar 
conditions obtain for the iodine molecule in the infra-red 
spectral range and we may regard the primary cleavage to 
occur in a similar manner, viz. : — 

I 2 ?I + I 
0 3 ^ 0 •+ 0 . 

Warburg (“Preuss. Akad. Wiss.,” Berlin, 872, 1914) has 
adopted this hypothesis to explain the mechanism of ozone 
formation. He assumes that the atomic oxygen resulting 
from the cleavage of the molecule secondarily reacts either 
with atomic oxygen to reform molecular oxygen as indicated 
by the reversibility of the above equation, a point clearly 
emphasised by Nemst from thermal considerations (see p. 29), 
or it may react with molecular oxygen bo form ozone — 

0 3 +• 0 = O s . 

Warburg's experiments, conducted under pressures of from 
30 to 400 kgm, per sq. cm,, yielded a photo-chemical efficiency 
of 55 per cent, at 120 kgm. cm 3 and 29 per cent, at 300 kgm. 
cm. 5 , indicating the plausibility of the above hypothesis. 
Weigert <“ Zeit. Wiss. Photochem,,” n, 381, 1912) obtained 




PRODUCTION BY ULTRA-VIOLET RADIATION 



77 



a photo chemical efficiency of 46 '0 per cent, and a thermo- 
dynamic efficiency of 27 - 7 per cent. 

The reaction is primarily a molecular one and the energy 
of formation of a gram. mol. of 0 3 (34,000 cal.) should have 
its corresponding photo-chemical equivalent equal, as cal- 
culated by Warburg, to N hv where N is the number of 
molecules per gram. mol. From the relationship 



= - - - ? - ' 73 - 
(cal.) Xincm ' 

with a value of 34,000 calories for the heat of formation of 
ozone we obtain A = 800 fifi, as the critical ozonising wave 
length, or we must assume that one quantum of A = 200 
will form four ozone molecules. 

Ozone formation may therefore occur without gas ionisa- 
tion, a fact which was first demonstrated by Lenard and con • 
firmed by Ludlam ("Phil. Mag.,” 

23 , 757, 1912). 

We can easily deduce from our 
previous considerations on the 
mechanism of photo-chemical 
processes in the light of the 
quantum theory that ionisation 
of oxygen will be brought about 
by light of shorter wave length 
than that required to produce 
atomic oxygen and hence ozone. 

If A, B, represent the two 
positive nuclei of oxygen atoms 
in a neutral molecule and c, c', 
one valency electron of each atom which has come within the 
attraction (partially saturated) of the positive charge of the 




Fig. 4. 
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neighbouring atom; the simplest line of cleavage is along 
a.', resulting in the formation of an oxygen molecule wi th. one 
bond as link 0 — 0, which can then react to form ozone — 

30 — 0 — ^ 2O3* 

This requires the smallest amount of energy, and hence is 
effected by light of the longest wave length (>X = 200 jx/x*'). 
The simplest cleavage into neutral atoms takes place along 
the line b, l\ requiring more energy than is necessary to 
effect partial unsaturation, and hence shorter wave length, 
light \ = 200 fifi. Cleavage along the line d, d' necessitates 
the removal of one electron from an oxygen atom and conse- 
quent increase of energy or light of a still shorter wave 1 eng tin, 
ca \= 180 fifi. The energy required to move a valency 
electron which is partially attached to two atoms on to one 
atom is of the order 1 x 10 12 ergs, to completely remove 
the electron requires a coasiderably greater expenditure 
of energy. A quantum of light energy in the visible or 
ultra-violet portion of the spectrum is of the order of 
>3 x 1(T 12 ergs; thus with very short wave length ligtat 
electron removal can easily be effected. 

Under these conditions we obtain monatomic oxygen 
ions — 

o s £ 6 + 6. 

Ozone formation may result from this ionisation according fco 
the following reaction : — 

20 j 4- 6 + 6 = 20 3 . 

light of still shorter wave length will actually remove elec- 
trons from the monatomic oxygen ion (Ca. A = ISO /i/x) 

+ ++ 

0 -» 0 + ©, 

which electron may attach itself to the charged - ve residue 
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provided that it be projected from the original ion with suf- 
ficient kinetic energy — 

6 + O o’ 

Or again, it may attach itself more easily than as above to a 
neutral molecule — 

0 2 + © -*■ 0 2 . 

In this way we can imagine the formation of the various 
charged ions actually observed during irradiation of oxygen 
by ultra violet light of short wave lengths within the range 
X = 130 to 200 fi/j,. 

Construction of Apparatus. 

(a) Source of TJltra-violet Light . — We have already in- 
dicated that for the production of ozone a source of ultra- 
violet light rich in lines of the Schumann region (below 
X “ 200) and if possible free from light of longer wave length, 
especially in the region X = 230 to 290 /*/*, which exerts a 
strong catalytic activity in deozonisation. 

A glance at the curves representing the distribution of 
energy over the spectrum radiated from a black body at 
various temperatures will suffice to indicate that “black 
body " radiation is unsuitable as an efficient source of Schu- 
mann light. In agreement with the theoretical calculations 
of Wien and Planck the experimental observations of Lummer 
and Pringsheim (“ Yer. d. Deut. Phys. (resell. /' i, 23, 1899 ; 
2 , 163, 1900) have indicated that, with elevation of the 
temperature of the radiator, the maximum energy emission 
E m shifts from the longer to the shorter wave length portion 
of the spectrum. Even, however, at sun temperature, 
ca. 5500° C,, which temperature can only be approached with 
difficulty by the utilisation of carbon arcs under high gas 
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pressures, a black body radiator will have its E position at 
* about X = 500 /a/a, or in the green of the visible spectrum. 
The fraction of the total energy emitted which will lie in the 
Schumann region of the spectrum Xl to 200 /a/a will be re- 
markably small. 

We must, therefore, reject black body radiators and fall 
back on methods of obtaining selective emission and as such 
light sources we may utilise the arc, spark, or vacuum tube 
illumination of various elements. 

Arc and Spark Light Sources. 

Most metals exhibit strong Schumann and ultra-violet 
light radiation when the arc or spark electric discharge is 
made to pass between metallic electrodes. 

We may argue from the electronic structure of the atom 
that since the removal of a second electron from an atom 
which has already lost one, necessitates the supply of a still 
greater quantity of energy for its removal than the first, and 
as this energy is supplied in quanta, the value of hv must rise 
with each subsequent removal. Atoms which can loose many 
electrons without loss of atomic identity will therefore radiate 
light corresponding to high values of hv, i.e. of extremely 
short wave length. 

The elements which have been most widely used as 
sources of ultra violet light are those of aluminium, iron and 
especially mercury, which can loose as many as eight electrons. 

The aluminium ultra-violet spectrum has been in vestigat ed, 
more particularly by Lenard (“ Sitz. Heidelberg, Akad. Wiss. 
Abh.,” 31, 1910) and Morris Airy (“ Man. Lit. Phil. Soc.,” 
XLIX, 1 , 1905), and iron by Lyman (“ Astrophys. Tour.,” 
38 , 282, 1913). 
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Much work has been accomplished on the mercury arc, 
which is especially rich, both in green, violet, and ultra-violet 
radiation, most conspicuous where mercury vapour lamps are 
used as light sources. 

The investigations of Than (" C.R,” 155 , 141, 1912) and 
Lyman (" A.strophys. Jour.," 38 , 282, 1913) have shown that 
“the spectrum is dominated by the broad unsymmetrical 
line X = 184-96 fi/j . ”. The spark spectrum of mercury is 
rich in lines, whilst the arc spectrum contains only a few. 
Other lines in the same series predicted by Paschen have 
likewise been observed at X ■=■ 140'2 /i/j, and X = 126-9 hjj,. 
"When viewed through a short column of air the line X = 
18496 fxf-i is replaced by three groups of faint lines observed 
by Steubing (“ Ann. der Physik," 33 , 573, 1910). Ionisation 
of the mercury atom by collision commences at X = 253 ”6 /a/a, 
equivalent to a fall of potential of the colliding electron of 
4'8 volts — A.. Lande (“Phys. Zeit .,' 1 15 , 793, 1914), J. Pranck 
and G-. Hertz (“Deut. Phys. Ges.,” 16 , 407, 1914). 

Vacuum Tube Discharge. 

Of the elements investigated by means of the vacuum 
tube discharge, the remarkable activity of mercury vapour in 
the emission of light of short wave length has already been 
discussed, two other substances also exhibit a marked selec- 
tive emission in the ultra-violet region, namely hydrogen 
and carbon, the latter usually introduced into the vacuum 
tube in the form of one of its oxides, carbon monoxide or 
dioxide. Lyman (“ The Spectroscopy of the Extreme Vio- 
let,” Longmans, 1914) states that hydrogen surpasses all 
other gases in the wealth and strength of lines in the Schu- 
mann region. They extend at pressures of 1 to 5 mm. from 
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X = 90 /a/a to X = 167-5 /a/a, and this light forms one of the 
most important of all three distinct spectra which the 
element possesses. St. John (“Astrophys. Jour.,” XXV, 
p. 45, 1907) found hydrogen to emit 250 times an much 
energy of short wave length as a mercury vapour lamp. 
There appears to be a distinct gap in light emission within 
the spectral region X = 167 '5 /a/a to X = 243-3 /a/a. 

Delandres (“ C.R.,” 106 , 842, 1888) noted a great number 
of bands in the ultra-violet spectrum with the rarified oxides 
of carbon in the vacuum tube within the range X ~ 130 /a/a 
and X = 210 /a/a. 

When consideration is taken of the difficulties in the 
operation of an arc lamp with iron or aluminium oleetnxlos, 
such as the automatic adjustment of the arc gap, the removal 
of the oxides produced during combustion, if the arc bo open, 
or the volatilisation of the metals on to the walls, if the. are 
be of the enclosed type, as well as the great thermal effects 
produced by an arc lamp in continuous operation, which, as 
we have seen, militates against a high yiold of ozone, it will 
be clear that the mercury vapour lamp operating at low volt- 
ages and relatively high internal mercury vapour pressures, 
or working at high voltages with only a few millimetres 
pressure of vapour, is the most suitable source of ultra-violet 
light which, up to the present time, has received systematic 
investigation. 

The utilisation of hydrogen vacuum discharge tubes, 
however, may possibly receive moro attention in the* future, 
since discoloration of the tube walls, ho frequently neoticed in 
mercury lamps, would be greatly minimised (see also Lyman, 
“Astrophys. Jour.,” 37 , 87, 1908). 
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(b) Material for Lamp Construction. . 

The walls of the mercury vapour lamp must be trans- 
parent to radiation of this extremely short wave length, in 
order that ozonisation of the surrounding oxygen may be ef- 
fected. Ordinary glasses are singularly opaque, thus boro- 
silicate crown-glass, which is the most transparent of the 
ordinary glasses, passes only 8 per cent, of light of wave 
length X - 309 fifi (Kriiss, “ Zeit. f . Instrumentkunde,” 23 , 
197, 1903), and is opaque to light below X — 297 pfi. Schott 
of Jena’s uviol glass was specially prepared by Zschimmer 
(“ Zeit. f . Instrumentkunde,” 23 , 360, 1903) for ultra-violet 
transparency. With a thickness of 1 mm. fifty per cent, 
transmission of light at X = 280 pp is effected, whilst a uviol 
microscope cover-slip is still transparent to X = 248 
Zschimmer further indicated (“Phys. Zeit.,'’ 8 , 611, 1907) 
that pure boric anhydride and silica are very transparent 
even below X — 200 pp (and even below X — 185 /*/*), 
but that the addition of certain salts lessens their transpa- 
rency. Boric anhydride is 'slightly inferior to silica, itB lower 
limit of transparency, according to Lyman, being X = 170 
fip. Fritsch (“Phys. Zeit.,” 8, 518, 1907) gives the follow- 
ing composition of a glass extremely transparent down to 
X = 185 fi/i : — 

CaFj 6 parts. 

B 2 O s 14 ,, 

M. Luckiesh (“J. Franklin Inst.,” 186 , 111, 1918) claims 
that a special cobalt-blue glass is more transparent than 
ordinary glass to ultra-violet. With the exception of Fritsch’s 
borate glass, which does not appear to have received any 
technical application as yet, extremely pure fused silica is the 
most suitable material for lamp construction. 
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Hughes (“Photo Electricity/' 1913, p. 137) has shown 
that fused quartz is still transparent down to X = 145 ‘0 M/x i 
a thickness of 0 3 mm. will transmit 24 per cent, of X • = 1 H4 •'-) 
m 36 per cent, of X = 197 /x/x, and 40 per cent. of X = 
200'2 /x/x. 

Mention may be made of the naturally occurring sub- 
stances, which are even more transparent to ultra-violet 
light than fused silica, viz. quartz, fluorite, and rock salt. 
Quartz in very thin laminae is transparent down to X « 145 
/x/x, rock salt to X = 175 /x/x, and fluorite to X =» 123 /x/x. 

In the Quain apparatus, which is the only form of quartz 
mercury vapour lamp ozoniser in technical use, the lamp 
which is of the vacuum type and operated by a coil or mag- 
neto, at a terminal potential difference of circa 7000 volts, 
is inserted in a hollow aluminium tube, through which the 
air or oxygen, undergoing ozonisation by irradiation from 
the lamp, is passed at a relatively low velocity. No litera- 
ture has been published dealing with the problem of the in- 
fluence of gas velocity on ozone concentration and ozone 
production per minute, but the following considerations will 
indicate that the optimum conditions will very likely he 
formed when only a thin film of air passes over the lamp at 
high velocity. Dry and dust-free air is relatively transparent 
to light above X = 186 /x/x, but nearly opaque to light below 
X = 178 /x/x. Lyman (“ Astrophys. Jour./' 27 , 87, 1808) 
states that 1 mm. of air will cut off most of the light below 
X = 185 /x/x, which, as we have seen, is tho active light for the 
production of ozone. Kreuslcr (“Ann. der Physik/’ 6 , 418, 
1901) gives the following figures for the absorption produced 
by 20 - 45 cms. of oxygen : — 
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Light of 
Wave Length, 
186 
193 
200 



Per Cent. 
Absorption. 
32-5 
6-2 

negligible 



whilst Schumann observed an air film only 4 mm . thick 
(equal to "8 mm. of oxygen approximately) was sufficient to 
render all lines below X = 178 pp. extremely faint. With 0’5 
mm. of air, light down to X = 168 pp, would be transmitted, 
and below 0'05 mm. in air thickness, the spectrum stretched 
considerably below X = 160 pep.. It will thus be observed 
that the ozonising action of ultra-violet light, in so far as it 
is caused mainly by light of wave length smaller than X = 
200 ftp, is confined to but a millimetre thickness or so of air. 



Lamp Efficiency. 

Figures are not available as to the optimum conditions 
for the production of ultra-violet light from mercury vapour 
lamps. As is to be expected the ultra-violet light fraction 
increases with increasing voltage (see A. Tian., “ C.R.,” 155, 
141, 1912). 

J. N. Pring (“Proc. Roy. Soc.," 96, 204, 1914) showed 
that no oxides of nitrogen or hydrogen peroxide were formed 
during operation and that the average ozone content of the 
air in the neighbourhood of the lamp was 0’01 per cent, at 
760 mm. and 0'0014 per cent, at 30 mm. air pressure. W. 
Chlopin (“ Ze it. Anorg. Chem.,” 71, 2198, 1911), on the other 
hand, detected the presence of both hydrogen peroxide, ozone 
and nitrous anhydride by exposure for a few minutes of 
ordinary moist air to the rays of a Westinghouse quartz 
mercury vapour lamp. 
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The ultra-violet efficiency of the various types of mercury 
vapour lamps on the market was examined by C. Fabry and 
Buisson in 1911 (“C.R.,” 153 , 93, 1911), who obtained the. 
following results : — 

/'I'rirnhi'ir uf I'ttuvr .S'« ;< 

Lamp. jilted, lUtdiuled m IKia' 

Lrnijlhx behnu JUO. 

Wegtinghouse I> 

A.E.0 4-7 

„ 0H5 

Wontinghouse (li) . . . • . . O' IS 

Production i»y Ionic Collision. 

In the previous discussion we have noted that molecular 
cleavage of oxygon into neutral atoms with or without sub- 
sequent ionisation may bo brought about by absorption of 
light energy, provided that this latter is of tins correct fre- 
quency for absorption. 

The production of ozone depends primarily on the simplest 
cleavage, viz : — 

0,-*0 + 0 , 

with subsequent synthesis of ozone, whilst secondary ozone 
formation probably results from the combination of charged 
ions, e.g. : — 

o.j + 6 - o, 

(see W. W. Strong, " J. Am«r. Chem, Hoc.,“ 50 , 101, 1913) 

The cleavage and ionisation of the oxygen molecule may 
also be brought about by other means than by the absorption 
of light quanta, such as by direct impact by a particles or 
electrons. 

Madame Curie noticed that radium salts were effective in 
ozonising oxygen (“ C.li," IBS), a point at first disputed by 
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liamsay and Soddy, but finally confirmed by Griesel and 
Nasini and Levi (" Atti. it. Accad. ijincci," 17 , 4(3, 1908). S. C. 
Lind (" .1. Amur. (‘-hem. Hoc.,'* 47 , 397, 1912) and 0. Schoner 
C (*. It ..' 1 159 , 423, 1914) showed that the o particles projected 
from radium agonised oxygen ; Lind showed, inter alia, that 
the number of ozone molecules formed were equal to the 
mimlxir of ions made by the a particles — 

O.j —> 0 + 0 

20 , + 20 20 ,. 

In many of his experiments a slight deficiency in ozone 
formation waH observed from that calculated, but under no 
circumstances was more ozone than the theoretical obtained. 
(Sec also W. 1 >uano, '‘CI,lt..“ 153 , 380, 1911.) It may be 
noted in passing that similiar results wero obtained for 
hydrogen by W. Duane arid Wendt (" Phys. Iiov.,” io, 110, 
1917), the presence of II, being clearly demonstrated. F. 
Kruger (" Phys. Zeit.,*’ 13 , 1040, 1912) obtained ozone by the 
ionising action of Lenard rays obtained by tho projection of 
cathode rays through an aluminium window and showed, as 
indicated >n the following tables, that more ozone was formed 
per second than ions in oxygen, the number of molecules of 
ozone formed approximately more closely to the ionisation 
of nitrogen under similar conditions : — 



,Vi>. Ion* Produced wr See. tn 


Nn. Mol*. 0„ Produced per Sec. 


>, x 10". 


N t x 10'*. 


x 10". 


0-70 


o-o 


7-0 


O-ftfl 


1-2 


1*1 


041 


14 


14 


0*21 


0-5 


0'8S 



In tho case of radium, practically all the ozone produced is 
formed through the agency of the a particles, the ft and 7 
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radiation producing but minor mid secondary efTccts. The 
onorgy associated with each group of rays is clearly demon- 
strated from the following figures (" I’liil. Mag.," aa. Mil, 
1007) : — 

Heating effect of 1 gm. radium *110 gins. cul. per hr. 
a rays ■ l(Kl“i 

fi *i-0 

y „ •t-.’i 

With IWmtgon or X-rays, on the other hand, ionisation is not 
so marked, since only aliont 1 atom in Id 1 ' is ionised hy the 
penetration of the rays into a substance. 

For ionisation to he effected by collision, the molecule or 
atom must he. struck by the a particle or chs tron with siilli- 
ciont energy to discharge! a valency from its normal orlnt in 
tho atomic sphere, ft will thus leave the. atom with n certain 
critical velocity which it would also acquire if it hud hren 
acted on hy a definite potential difference. Wo may there- 
fore equate tho loss in kinetic energy sustained by the ini- 
pinging a particle or electron as a result of collision with the 
molecule, and the energy of discharge of the electron. 

If m bo the uittHs of the. iuipiugiug electron, t\ its incident 
and ®, final velocity, its loss in kinetic* energy will ho : 
l/dwfji#* - v, 1 ) whilst tho discharged electron of charge r will 
possess an energy Vc. 

Hence l/2m(r 0 ' J - »*,■’) VV. 

A discharged electron or a particle will thus continue its 
passage through the gas, causing ionisation hy collision on its 
way until its velocity sinks to the: value r s where* 

Ij'lmrf *» V/*, 
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the minimum velocity necessary to cause ionisation by colli- 
sion. Below this velocity the electron will merely adhere to 
a neutral molecule to form a negatively charged ion, tho a 
particle will loose its charge to a neutral molecule to form an 
atom of helium and a negatively charged gas ion, provided that 
they have not come, in contact with the walls of the con- 
taining vessel before their journey is completed. 

In tho case of ionisation by electrons the value of 

f - 1-77 x 1() 7 , 
m 

V 2-82x10 lfl i) 3 
or vv. JV. 

fn the following table are given the electron velocities in 
emu. per second and the potential difference in volts required 
to bring them to rest : — 



V. 


V, 


I 


5-9 x 10’ 


10 


1-H8 x 10* 


100 


0-695 x 10* 


1000 


1-SH x 10* 


10,000 


6 -96 x 10* 


100. IKK) 


1H-H x 10* 


1100,000 


97 x 10* 



For tho minimum velocity required for an electron to 
cause ionisation of an oxygen molecule by collision Franck 
and Hertz (" Verh. d. Dcut. Phys. Ges.," XV, 34, 1913) 
found the value 1 -80 x 10* ems, per second corresponding to 
a fall of 9 0 volts. 

This value is in extremely good agreement with that cal- 
culated from the critical wave length requisite for ionisation 
by absorption of ultra-violet light quanta. It is evident that 
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the requisite energy equal to VY can 1*<* supplied hy tin- kinetic 
energy lost I»y an impinging electron, i.e. or liy the 

absorption of a light quantum hv thus — 

V/‘ " |/277i . v 1 • • hv. 

Taking A * 1 -til fi/j, wo obtain the value 9‘20 volts for the 
value of V determined in this manner. A value of K*f» volts 
being obtained hy Compton (“ I'liys. Rev., 1 ' 8 , 412. I'dlGi, by 
calculation of the. work necessary to remove a valency electron 
from an atom possessing Bohr’s hypothetical structure. 

Quantitative agreement between the yield of ozone eitlcti- 
lated and that actually obtained has, as 1 ms already been 
mentioned, been shown to hold for th<‘ ease of oznitisation hv 
a particle discharge by Lind. Cases of ionisation ami oznn- 
isation by electron emission have given more variable 
results. This is in part due to the great velocity and rela- 
tively small size of the electrons which can pas-, through a 
vessel containing gas and come to rest on tin* walls without 
having made a great number of collisions, thus tb«* major 
part of its kinetic, energy is still retained when it emerges 
from the gas and strikes the walls. Again, it appears that 
every collision which an electron makes with a molecule of 
oxygen, with sufliciunt energy to dissociate the molecule, is 
not always effective in doing so. According to 1*. Kirkby 
(" l'roc. Hoy. Hoc.," 85 , 1.01, 1911), only 150 per cent, of such 
collisions are effective. The yield of ozone by electron col- 
lision in oxygen, therefore, usually falls far short of the 
theoretical quantity. 
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I'ltODUCTION HY MEANS OK THE SILENT ELECTRIC DISCHARGE. 

The formation of ozone by the action of the silent discharge 
on air is the only process of ozone production which has 
received considerable technical development and a groat 
number of ozmiisers of various types and designs have been 
incorporated in installations for the economic manufacture 
of o/.orii; and ozonised air. 

It may he stated at the outset that we do not possess 
Hiiflicii *nt information about the mechanism of the silent 
discharge te put forward a satisfactory explanation as to the 
hum l us ojurantli of a " Siemens tube," nor can it bo said that 
th<* design and construction of oxonisors is on a scientific 
basis, since, with the exception of a few generalisations basod 
on experiment and a few suggestions based upon somewhat 
nn satisfactory and frequently incomparable theories, ozt misers 
have Eon built on the rule of thumb and hit-or-miss 
principle. 

The following considerations, however, will indicate in 
some measure the intricacy of the problem : — 

If the jmtential difference between a point and a plate 
separated by a few millimetres of air space from it be 
gradually raised, the current potential difference curves be 
plotted, and they will be found to possess certain character- 
istic features for both direct and alternating currents. The 
V, i characteristic curves for point plate and plate discharges 
have been obtained with great accuracy by Toepler (“ Drud, 
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Ann.,'* 7, '177, 1902) and Brion (" Zni. K!iktr«irh< m.," 14, *24 .7, 
190G) for direct currents, ami by (‘rump and I ft ‘ Klcrtro- 
chem. Ind.,'* 7, 71, 1909) fur ultcrimtin^ currents. 

The following indicate tin- w-rtes * «f cbati^i-s 111 tin- clnir* 
actcr of the <1 iHcharee obtained by Tocplor : 

— Vf. petit to 



+ ut pint 




Kin. ft 
♦ vappirt 1C 
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If a very small potential difference, be applied between a 
negative point and positive plate., a small amount will flow, 
the. current being carried entirely by the negative ions 
present in the gas; the /, V curve, will then follow Ohm’s 
law until the. rate, of removal of gas tons by the electric cur- 
rent becomes equal to the rate of supply, when the so-callod 
saturation current is arrived at. which is independent of the 
applied potential difference. 

As the IM). is gradually raised, negative electrons aro 
discharged from the point and participate in carrying off the 
current. The area around the. point now becomes luminous, 
which luminosity extends towards the plate, with increasing 
1U>., the discharge becoming a typical brush accompanied 
by a slight crackling noise. At this point positive gaB ions, 
produced at the anode by detachment of an electron from a 
gas molecule through collision with nu electron travelling at 
high speed, will also augment the current capacity of the 
system. 

The resistance of the air circuit now falls quite rapidly 
owing to increase in conductivity by collision between 
electrons and the gas molecules and the. brush discharge is 
converted into a high tension arc discharge. During the 
high tension arc discharge, the cathode gists extremely 
hot owing to bombardment by positive ions and the 
thermionic emission of electrons as well as particles of 
vaporised electrode material charged positively commences, 
resulting in a still greater increase in conductivity ; the high 
tension arc is therefore not stable hut is transformed into the 
more usual low tension arc. For the production of ozone 
the electrically stable part of the discharge only, viz, the 
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non-luminous, the {'low, and flies brush discharge. eume under 
consideration, since, as we. have* nlrendv had ocmsiuti t<» 
observe, tho high thermal effects associated with both the 
high and low tension arc discharges are more than Mittirient 
to mask any electronic formation of ozone. 

We have noted that the transformation of tl»«- m1 « j*t da*.- 
charge into tins high tension are discharge neeur*. after the 
whole inter-clcctrode space lias been filled with th< dio barge 
glow, which makes its first appearance m tin* so culled 
corona light. The nature of this loimnewenee is not e’earay 
understood ; that it, is a function of theconipn it ton <if the pm 
is shown by tho experiments of K Rtesenfeld i " '/,> ,t MM, tro- 
chom.," 17 , 725. 1911). who noted that tie- dia*«*li 1 , p,nk 
in nitrogen, blue in hydrogen, white 111 chlorine, " like tin 
corahnstion of iron wire in oxygen," and greenish him* in 
oxygen. 

Bird. J. ThoiiiHOH (‘'Conduction of Kleetrieitv tluotiph 
Gases," 1900, pp. 47H-512) lias shown that at tin- moment 
when both anode and cathode glow make thur a pi mm ranee 
there is a very great inrreasc in conductivity of th* pas 
space, and advanced the hypothecs that ju*-t prior to the 
appearance of the glow discharge the atoms hav> nrguoed 
internal energy by collision with electrons and l»y absorption 
of soft Kfintgcn rays, generated hy collisions of elections with 
other atoms, until it has nearly approached the critical value 
at which the atom becomes unstable and luminous . that 
ionisation precedes the luminous discharge was clearly 
indicated by D. Mackenzie (“ l’hys. Rev.," 5 , •>’-> I , l‘,») 

According to K. Nestnreh f" Phil. Mag.,' ”30. *2-11, 1915) 
there always exists a definite ratio between the amount <-f 
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ra<litttion and the number of gas ions formed by such 
collision. 

Kir J. ,T. Thomson and E. Threlfall (“Proc. Eoy. Boc.,” 
40 , .'MO. 188(1) clearly showed that ozone formation in the 
silent discharge tube was associated with the. production of a 
luminous glow, whilst a similar conclusion was arrived at by 
R Warburg (“Ann. dor I'hysik,” 17 , 1 , 1905), who advanced 
the hypothesis that ozone, is only produced by electrons with 
sufficient kinetic energy to cause themselves to become 
Ituninoiis. 

The view that tho corona and brush discharges are at 
least in part duo to ionisation by collision is supported by a 
series of experiments which have, been made on the corona 
'* pressure" phenomenon by B. P. Farnwold, J. Kunz, and 
especially Townsend and K. Warner (“ Phya Ilov.," 8 , 285, 
191(1). It is evident that if the molecules break up into ions 
as a result of ionic collision an increase of pressure should 
result. In an enclosed gas space subjected to tho brush dis- 
charge, this pressure increase has actually been noted, and 
when corrected for the unavoidable temperature increase the 
following relationship was found to hold good : — 

Vi -* », 8 p, 

where V is the applied voltage, i the corona current, v. the 
volume of the gas subjected to the silent discharge. 

In oxygen, however, there is scarcely any increase in 
pressure, due to the formation of ozone; in other words, tho 
ozone formation is strictly proportional to tho ionisation. 

It would therefore appear that only a relatively small 
portion of tho discharge is effective in the production of 
ozone and that tho optimum results arc to be obtained when 
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the. ozonisor is ho operated that tin- luminoMty of the. silent 
discharge plow in tit a maximum. 

Many conflicting statements have l*<n published relative 
to tho yield of ozone per kilowatt imur obtainable m oz.oniwrK ; 
on ftnaly-Htfi these are found to ]■•• due to the fact that many 
investigators have ignored the pr.marv eon dth rut ion affecting 
tho production of ozone hy the. tm aim, viz. the relationship 
between ozone production per kilowatt hour and tin concen- 
tration of the ozone. It is evident that if a d> finite volume 
of air he subjected to the mlenl electric discharge, the ozone 
concentration in that air will ris<- to n certain <!• finite value, 
C„. the "limiting “ concentration. When tin - eunci nt ration 

is reached, the rate of formation of o/ou. 'f ‘ * will h«- itjual to 

it« rate of destruction hy thermal, catalytic ami other effects. 
Thus, in the enclosed volutin- of air, tie apparent ozone pro. 
duation per kilowatt hour will !«• whilst the actual pro- 
duction will he \ As a first approximation it may \m 
taken that the r»t<‘ of catalytic dcozonj. at mn i* proportional 
to the concentration of maw or Kf\ . thus the energy 

required to produce strong co«c< utraii«ns of o/one m a 
stream of pas will he a ureal deal more than m necessary to 
produce tho same amount of ozone, m a very dilute state 

As clearly pointed out hy Allmand r' The Principles of 
Applied Electro-Chemistry tie* duty of an o/.ont*cr cannot 
be obtained without a knowledge of the following data • 

(1) The limiting yield, or the yje|,| per amj* r»- hour at 
zero concentration. 

(2) Tho maximum concentration of ozone obtainable. 




PRODUCTION BY SILENT ELECTRIC DISCHARGE 



97 



(3) The rate of variation of the yield with the concentra- 
tion. 



Influence op Current on Yield op Ozone. 

Owing to the difficulties inherent in the construction of 
high-tension (4000, 10,000 volts) generators the current for 
ozone installations is usually derived from static transformers. 

The static transformer may operate either on alternating 
current or on direct current with a suitable interrupter in the 
primary circuit. 

(1) Static Transformer with Alternating Current Generator. 

If a conductor such as a piece of wire describe simple 
harmonic motion in front of the pole of a magnet as is ob- 
tained in the rotation of an armature between the poles of a 
magnet, a current varying in intensity from moment to 
moment will be induced in the conductor. 

Both E.M.F. and current time curves will follow those of 
the sine or cosine curve. 




The E.M.F. at any time t being given by the relationship 
E = E 0 cos ~ 

the current in a similar manner by i = i. x sin . 

7 



ns 



O/.oN'I. 



Tf the circuit were i ntirely non-inductive. the vr-lt . ampere 
curvcH would naturally he hUjie*riin|««*»d, since at any time 
the current {lowing, would, in n«vnr!ano«* wuh ohm's law, 
ho strictly proportional to the applied l - . M.K In actual 
practice self-induction is always pre-eut, b«*Miyd* tiled uh the. 
value of tho integral- - • 

i, ||' 

where iXrdl df in the earn lit circuit 

Tho product hi may he termed th. i )» ,*tru •«) luotiu nt um 
acquired hy the. current in the circuit, uud < thin' law ha* t>< he 
modified to include the rati* of ehaii;'** of e]. . tre al neauentuiii 
as well as the instantaneous eurr« nt 



or 








di H K 2vt 

t ,i . eo’i ... . 

dt It it J 



Tho solution al tins equation i« >;tv« n hy 



whom 



i 




«) 




a 



tun 



Vtirh 

HI" 



Thtro in therefore a lay between the current and K.M.K. 
curves, and the maximum value of the current neve r t*xo'e>e!» 
K 

T J , , whore* the expression under the square* rued, 

V» ♦(?/«■* 

the " impedance " take-s this place* of R 
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Several generalisations which have an important bearing 
on ozonisor designs follow from these considerations. 

Firstly, large currents cannot bo obtained in systems of 
high inductances, and with increasing values of the periodicity 

the inductance term becomes tho only one of significance 
in the resistance of circuit. 

For high frequencies will ho largo, consequently 

augmenting tan a, making a tho anglo of lag approximately 
equal to 7r ) . 



/. i 



K. sin 



‘lirf 




or when cos 



27 rt 

T 



• 0, sin 



2t rf 
T 



1, tho TC.M.F. will therefore 



lw* at a maximum when the current is zero and vice versa- 
The Wattage consumption KJ, will bo equal to 



.. t ‘lirf flirt \ 
IV eos ,j, cos ^ ,p ~ aj 

Vw + L-Cr)* 



a when a is 



7 r 



or 



4F, 3 cos «. , „ . . ilC- H 

. for small values of a *•» ... ... 

v» ♦ Lf;) » - (i) ** 



For R « o or a there is therefore no energy consumption, 
whilst for some intermediate value there is a maximum energy 
consumption. 
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Kor . to l«e a intiniuntn 

iv + (':*) I* 

/*^7T ^ ^ 

H' J must equal ) !»’ «*r ! ! " t j. 

If a condenser of capacity (’ t»- ph<’<-d in circuit with tin- 
secondary system we r:ui nt a similar in inner oh’ uit the ex- 
pression for the. relationship h* twe.-n the varying potential 
difference and tin- char#* on tie* plitc . 



O 



K fee 

v<?/« 



T 



") 



'.llT 

’1 



1 ‘) 



Ky suit aide adjustin' nt of the rend- n-> r, ie making 
T 

0 - , , . wo can get larger amount', thr nigh the circuit for 

a given applied potential difference than if tie- circuit were 
closed !>y a wire. 

According to Kahakjian (“ I'hys Itev." ji, 117, I'.ijfij tint 
limiting yield of ozone itirrcM*'* with >i« m asing capacity, 




whilst the efficiency of ozone production at a definite con- 
centration lacrosses with decreasing capacity 

8o far we have anBUiuod that tho rfisiatanco 1< of the cir* 
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cuit is non -variant, hut as w<; have had occasion to o})sorvo 
the. conductivity of the air gap in the discharge* apparatus 
varies with the current. Large currents cause the, gap to 
become more conducting, permitting nndor a constant applied 
1C.M.K. still higher currents to pass, ending finally in spark 
and arc discharges. The sinuous character of tho curve will 
thus be altered, the maxima a, a lining increased for this 
reason to higher values b. 

(2) Direct Current with Interrupter. 

Small coils with magnetic or larger induction apparatus, 
with mercury or Wehnctlfc typo of make, and break on tho 
primary, also yield a periodic current which, however, no 
longer possesses tho sinuous character of the alternating 
current machine, hut consists of a number of periodic current 
makes and breaks as is depicted in the. following curves : — 




WiHiovl’ C#nd?v)5»R, 

Kie. *>. 

It will l»e noted that under both conditions of operation 
there exists a great danger of the spark discharge taking 




I i/i IN' I 



10*2 



plan; at tin* point <<f "Jil inmm • tirii Jit ll< , whu li praitn-.iliy 
coincides wit.1 1 (lie pi‘n«i*l of liinxt tutttn entidui tn ity of the 
giiH. The Kjmrlc (1 1 sehargi *t ti-lf i»* «M«-jl].itury n> <*hurnett>r 
having a period T iiir^/ld* ;utd will jm m ^ n rune of the 
following form 




According Jo th<* Hive .ti;!ntioit« nf Kulnkpan (" I'hyo, 
Rev.,*' 31, 117 , HHo) th«i hru*h <ii <> hnrg' it <1 If 1u.1v under 
conditions nf high ralisnf <li i«iu«* t h* *n*ulhitnry 
character of tin* spark «l»*.i*l* ojp . 

(oi lnjln'tu< ‘'it r*./f'<*/i *•» o . n> Yft'i t I* i- <“ Ktude 
war l'Ozone, C.R.V Me rlanm 1 that then* was fur a 
fixed air gap tj< a given twun .**r r prn to ally lineal relation* 
ship between lh« o/oiti* yi«*M ji* r »»«jn*ri* h<«ni and tin* 

potential differem-c Utwirn hi irodt-m. l,nt«r «*xj»**ri* 

meats have shown that tlbassy *ron«*lii*i«ni* w< r<* ie<t entirely 
correct. Iv Warburg (“* A on ■!« r I'IamU.” ».|, 1*11. 
ahowed that provided that th« jmfijitisl <i 1 li< r< nr** applied 
was sufficient to maintain a uniform glow at th> point nf the 
air gap, thi* yield of ozone w»* praetu #J5j uolijM-robnl of the 
voltage as is shown by the following figur< 1 . 
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Current Voltage of 

1 x 10 * 6 . Point. 

57 ... 4,200 



Oms. Ozone 
per Coulomb. 



■0375 



57-5 .... 9,880 . . . -0386 



57-2 .... 11,700 . . . -0387 



-A. W. Gray (“Ann. der Physik,” 13, 477, 1904), utilising a 
standard Siemens ozoniser, likewise found that the yield per 



coulomb was constant and independent of the voltage pro- 



vicled that uniform illumination was maintained in the dis- 



charge space. 

Kabakjian (“ Phys. Rev.,’' V, 31, 17, 1910) found that the 
ozone output per coulomb rapidly rose with the voltage until 
a potential difference of 2,700 volts with a 1 mm. air gap and 
3,200 volts with a 2 mm. air gap was reached after which no 
further' increase was noted. At these voltages presumably 
“ saturation” of the field with the brush discharge was just 
effected. 



Influence of Current Density. 

With a constant regime established in the working of an 
ozoniser the quantity of ozone produced per coulomb is 
practically constant, for a point discharge on the other hand, 
the yield per coulomb varies with the current flowing, as is 
shown from the following figures obtained by Warburg: — 



Positive Point. 


Negative Point and 
Positive Plate. 


Negative Point and 
Positive Cylinder. 


Voltage. 


Current 
1 x 10* 8 . 


Grammes 

O a per 

Coulomb. 


Cwreni 
1 x 10- 6 . 


Grammes 
O a per 
Coulomb . 


Current 
1 x 10-«. 


Grammes 

„°sV«r 

CouUnno* 


■ 9 


28-8 

57’2 

94-2 


0-0172 

0-0600 

0-0630 


17-4 
25-1 
57 '2 


0-0489 

0-0459 

0-0875 


29-1 

94-2 


0-0431 

0-0386 

0*0870 
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Tint variation in tin* «c- •« i’< «ttril-ut' <1 hy \\ urhurs' 

to the alteration in the volume of t }i»* c««r*«in :'l-nv m the din- 
charge spaer under the van ***.» v<<!t me . hi a S < m* u . tv |>« • 
of o/.(i»iK« r opera! in;; under the optimum couditioim, he- ob- 
tained a value of j» r c<inb<nih. a ti "in e a i tinned 

by A. W. <imy ('* Ann. <h r I'hwh." i.t, f V 7 . I tit) l . 

Them' fijjnrir- hh<ov i-mne li,"ht on tie ni> dcwi. 'in of o/mie 
formation. Hmee, a<i can he tdi-mir !<\ » 1* i ;»* dii-ntti- 

poxitinu or hv iin-:mup“iiu*ji! of tin- eh-»r; , « of the c ]«•<*! r^itt , 
together with the miml-nr of mubcuh in * pium m<d» cuh*, 
911,5 10 coulomb * are tm-ocmt« *i with mo i j.uvahnt of a 
Hubs lance, it m r»-*nardy follow that if tin- o/ me w.n- pro- 
duct'd hy home form of < leelj*i!)l,< i|e* !'*n |)l tli*‘ ; - n Jur e, a 
limit in art to the ipmutity of o/. u*- *.l,tauu <i j». r cunli mh. 

We may, of emit Hr, make aur’oi.u a« umj-te-le ua to lint 
magnitude of the electronic trannh-i «> wri *t« <1 with the for- 
mation of it molt cuh of n/nfli', hut jt Will h> * seh nt that t To- 
maximum yield f**r tin min mum tra: - f- r will he obtained 
on tin* n*>MimpUon <4 tin h-Howm** jni..)4< --jinnee «»f 
reaction h • 

(K * J( > • • C I * t) 

<}„ l U •» O, 

i.e. one molecule trf owm* wutihl l*- formed for r »rh » pctrori 
transferred Forty-eight gin* of o/Jtm* ohotihl th> r« f-,re he 
formed f«»r u current consumption of *,)«!, 54U coulomb*. or 
O'OOOn gwa, per coulomb ft m evident that the piautitie* 
of nr, cme actually produced j«-r i-.uioiob t-v«c«l tie amount 
«omc 520 tiniiD, even though lh< m-o edition 1 * r* pr* a«-nt l how- 
moat favourahlc to n/.on« formation by « hetronte transfer. 
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Wo arc forced to the coneluBion, assuming the accuracy of 
Warburg and Gray’s experimental data, that most of the 
ozone is of secondary origin and is produced hy collision 
between electrons both primary and secondary and gas 
molecules. 

Kruger and Moeller Ncrnst b’estschrift,’' '24 0, 1912) 
have suggested that one electron may liberate., in tin; ease of 
the positive point discharge, seventeen secondary electrons, 
and for a silent discharge in metallic lubes 2K7 secondary elec- 
trons. which would necessitate velocities produced hy applied 
voltages of approximately 100 and 50,000 volts respectively. 

Influence, of Wave b'urm. 

The hypothesis advanced from the previous considerations 
that ozone formation is produced hy inter-molecular and 
electronic collision, and is not a phase of gaseous electrolysis 
between the electrodes, is supported hy a consideration of the 
effect of the wave form on the ozone yield. A. Vosmaer 
(“Ozone," Constable, 1910, p. 70) states, "a very peaked 
wave form would cause a greater distance between regular 
working tension and ordinary maximum tension and thus 
facilitate the brush discharge. On the other hand a flattened 
curve would give more available energy in the. domain of 
working and would give a better output of ozone . . . there 
is not so much difference in wave form to he of any import- 
ance.’’ It is clear that this investigator does not consider 
wave form of great importance and his views have boon sup- 
ported hy many other observers. Those, however, who have 
had occasion to make use of the oscillograph and thus have 
been able to plot the wave form with accuracy have noticed 




lor. 



liZCN!. 



that t!i»' wave fiinti dor* have .ut important Im-uum-* u\\ iho 
yield of ozone. Among .t t!i«* in« «t * nupm Umf him ->t i>;.iti»«iih 
published, may be meuttotje.1 tli«*.e nf n I ‘i i h i" Kick* 
trotoch. Zcilschrift," 12, -HU, I'.tUll. K Waihurg and 
hintsor (“ Aim. der i'liyaik/’ 4, •.!‘\ 17 . and (! Inelmer 

C* Xc.it. Kii-ktrc»« li«*»i...** 17. li }. r.m ; 21. :»>:». 

The following is n brief summary «»f the limn- nnpoj t mt 
cniicd Unions : 

The ozone yi< Id ]« r i“>ii)]<mili tin. • at li r**t 1 ijndly with tin* 
periodicity of tin- nltcriiatrii;* cmii-iit and th*t*uftir m<*r*- 
slowly. C)I tr»:.Itl) ji* nods have a« tuallv h*-* it * mj»lo\ed in 
fee.h ideal iiiHtalliitioii i. It 1* * \ ic J*-u t fr<nu a con i<|* intmit of 
the form of 1 1>«- mtn- cm v< I h it .hi tin r< -too/ ji. 1 u»dieii y in- 
rrnaHex the Htee|im-Mr> of tb<- curve, J 0 high j*< nndtnty 1 uhiio h 

11 large valu>- for tin- rate of hH« ration «,f tl»«- eim* nt ffuw 

•It 

A high |ieriodr< it V hk« w»m< lowu** the mimnnuu j*ot« utml 
difference to ptodinv » silent di-a-hiri;* a*io. a tiwlmtir- 
polar Npaci- f Id. Hn*« »f* hi. " \*rii**i 1***1 .; 7 1 , I ‘.i I ‘J , 

More ozone i*i produced j»* r » ouh-mb with a p* riodi* ally 
broken direct * iiir* iit than with an alt* routing* <iro nt of the 
Maine current strength and perr-di* ity A fd«ur<* at tin- 
typical wave form** fur tin s*' two t.p* ** of >uji*nl flow will 

MUflici- to indicate that m tin- form* r um- tin- '[[ vain*-** are 

hi 

much larger than in tin* awnim-tnc filtcrtmting ctirnnU. A 
further advantage of th«* dircrt current i» that for th<* Maine 
effective potential difference a lari;- r c<»rr< nt «-«u }«• paused 
through the wleiit dineburge tub*- with « «**im>’|u**nt imrcaue 
in ozone production. 
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I'uschiu and Kauchtschev (“ J. Russ. 1‘hyn. Chcm. Soc.,” 
46 , * r >7(i, 1014 ) hav(! likewise shown that the yield of ozone 
increases with the frequency, but that the optimum frequency 
was dependent on the applied voltage as indicated by the 
following figures : — 

I'erMicity. Applitnl Vo Uage. 

1210 0500 

050 7000 

(Kk) HOOO 

Kor a constant air-flow an increase in periodicity above 
these limits decreases the output of ozone, whilst an increas- 
ing air-flow displaces the maximum towards increasing 
frequencies. 

In a general way it is not difficult to offer an explanation 
of the increase in yield of ozone per coulomb with rapid 
alteration of the current flow or increasing tension of a 
current impulse, if wc regard the formation of o/.oue due to 
electronic and molecular collisions. 

At any given instant we may regard the current flow as 
constant; then proceeding from tho negativo to the positive 
electrode there will ho a stream of electrons which, in their 
passage through the gas space will ionise, part of the gas 
therein. Tho effect of the electron stream on the oxygen 
fraction of the gas is three-fold : — 

(a) A splitting of the molecule into two neutral atoms by 
direct impact — • 

Oj •» () ■+■ O. 

As we have seen it is by this disruption that ozone is chiefly 
formed in ultra-violet light. 

( b ) An ionisation of the molecule or atom by impact— • 




10B 



uZi'M 



n ■ ( >. i i*' 

i > • i > . 

thft positive init„ so fnntiMl wlit'li fiiiv i»< at umr <t r n,i* t 
of molecule rliixtfp. <w>- 1 ih\ ** a In udy Jit that i udiru-e 

for cluflt<“rn up to ( ), m ••••nijcl* xtiv is at hand, t l»i t j «t <nl»ly 
f(>pr«Kc*ntH tin- rstruu*- tijijK r hunt, a hutf*- rlu hri < natly 
break clown again Tie- atom ♦ <-r iiei’i <-itii >w.th«ini nr two 
punitive charges naturally j»r «•* > <1 iti tli> im r r * d<ri i-tinn to 
tlu* Htrcaiu of I'liTtmui and l.v impo-t '-<01. hirnti mu with 

them noiitr.ilihtttiMii In atom an«l iun!««>dir ?•* *»u|*n i>t ujnv 
more eth-eb-d- 

hi;!' i ». 

(r) An inniMit inti of ih*- ni“li «•«!•• >>» utnm |.\ impact .uni 
adherence of the i l« i*tinii. 

Tin* dent mu having, spi nt mo- 1 of it . km* tj*- • tc i/v with 
which it h ft tin- «-ii rtnui*- i r dn hi tin*, nt »y. < n **o«t»«-t with 
a neutral atom nr io*iJm uk , n*.t ji..-.*- • n't < nut imrcy in 

detach a vah*n«-y « h-i-tmu from jM <-Huf »*f rot 4 1 a u and way 
actuully adln re to th« \»t«iu it ink* funiiiti;; a i»« p.itiiidy 
charged atom nr nn*brul<- 

M 4 •• M } 

Mi . — < 1 

Oppositely charg' d ntniiiH and »nn|« enh a tiny th» 11 narl to 
form ozoin- 

O, 1 n' * i), 

If tin* currant flux ho subject to vi*»hnl ch*ttgi * thr-n the 
stream density of both ib-rtinw and g»>i ttn i|«»#***I« a will not 
lie constant, but will pro**-* d by a m r>- < >•( irr> pillar »p»aiii'-li*- 
burwtH of varying velocities, Ihu-* gti ali> inhuming the pos- 
sibilities of collision. 
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Influence of Gas Flow and Composition. 

Wo have already referred to the fact that the output of an 
ozoniser is governed by the concentration of tho ozone formed 
during the discharge, since for high concentrations the rate 
of dcozojiisution is increased and the apparont yield of ozono 
per kw. hr. decreased. In tho curves on next pago aro 
shown the relationships obtained between yield and concen- 
tration by utilising a standard Siemens and Halske industrial 
ozoniser (Hrlvvin, " iJeit. f. Bauerstoff and Stickstoff,*’ o, 143, 
1U11). 

Warburg and Ijoifchausor (“ Drud. Ann.," 28 , 1, 1908) 
made a very extensive scries of experiments on both glass 
and metallic ozonisers to determine tho influcnco of tho ozone 
concentration derived upon the yield. Their rosults are 
tabulated ui the following columns: — 
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Limiting 
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A injure. 
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Type of 
OMomttr. 


Pittance 
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Voltage.' 


Period- 

xr.dy. 


Antjeres. 


Cos 8. 


Ctmeenlra. 
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Oms. /Amp, 
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Hr. 


per Cubic 




















Metre. 














10 


4 






Glut.* 


0*51 


8,050 


50 


0*182 


0*185 


88*3 


4 1 H 


45*6 


3*5 


1* 


1*40 


10 , OHO 


50 


0*102 


0*314 


— 








1-40 


10,000 


50 


0*150 


0*243 


62*3 


65*1 


5 ( 5*8 


60*2 




8*72 


17,600 


£50 


0*160 


0*415 


61*1 


50*1 


( 50*1 


31*2 


Mutttt 


2 * 2(5 


10,800 


50 


0*182 


0*481 


72*2 


78-4 


82*0 


40*5 




4 * 0(5 


13,000 


50 


0 * 1(59 


0*450 


53*3 


02*4 


08*4 


20*2 




2*20 


9,480 


100 


0*308 


0*451 


75*7 


81*4 


88*3 


01-0 




4 * 0(5 


12.800 


100 


0*280 


0*447 


54*0 


( 53*0 


< 59*0 


10*8 




iiua 


9,340 


510 


1*58 


0*587 


57*1 


( 56*0 


71 * 5 ) 


18*3 




4 * 0(5 


12,100 


510 


1*19 


0*704 


33*0 


68*0 


74*7 


11*4 
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Fill, 11. 




PRODUCTION BY SILENT ELECTRIC DISCHARGE 111 

It will be noticed that the conditions most favourable for 
the economic production of ozone obtain with low concentra- 
tions of ozone or relatively high flow rate of air. High air 
flow rates likewise serve to keep the ozoniscr cool, an import- 
taut consideration since the catalytic decomposition of ozone 
is considerably accelerated by high temperatures. 

For technical operations the air-flow rates arc accordingly 
adjusted as to give the minimum concentration of ozone 
which will provo effective for the process under consideration ; 
for under these conditions, although more energy must bo 
expended for pumping air, yet a very considerable economy 
is effected in the ozone production. 

The concentrations of ozone and the yields obtainable per 
kw, hr. are higher in oxygon than in air, but the employment 
of oxygon instead of air docs not prove to be economical in 
practice, although concentrations up to 150 gins, pur cubic 
metre, or nearly three times tho maximum concentration 
attainable with air, can be carried out. 

The yield, however, does not increase indefinitely with 
the oxygen pressure, thus, if. von Wartenberg and L. Max 
(" Zeit. f. Elcklrochem. 14 , 870, 1918), operating with an 
ozoniscr constructed to withstand high pressures with an 
interpolar space of from 2 to 0 nun. and a curront of 1 milli- 
ampero at 28,000 volts and 50 periods, obtained the maximum 
ozone concentration and ozone yield per watt -second at 0 5 to 
1 atmosphere. Pressures up to 5 atmospheros were roackod 
during the course of their experiments. 

It will be noted that 00 gms. of O g in air, and 180 gms. 
of ozone in oxygen per kw. hr. represent the best results 
yet obtained with ozonisers operating under the optimum 
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conditions. Taking 54.000 calorics ns t litt heat of formation 
of ozone, this represents a theoretical yield of 1 "2 kgms. per 
kw. hr., or industrial ozon users have an efficiency of only 
5 p<r cant, in air or Iff per ee.nl. in oxygen. 

Air suitable for oxonisaliou should he free ft din dust, 
which favours the passage of sparks, and from certain gaseous 
impuritio.s sueh as oxides of nitrogen, ehlorine, and more 
especially water vapour. All three ga ;e < app« ar lo < sort a 
distinct inhibiting effect on the formation of ozone, in uddt- 
tion to a (lc.ozonisiiig action, which i «• .penally marked i» 
the. case of chlorine and nitrogen dioxide. The function of 
those gases as catalytic dcoxonisers will he n fi rn d to later. 
The inhibiting action, which is most marki rl in the care of 
water vapour, has been attrihuti d to the formation of mist, 
which serve, as nuclei for the condensation of the g.e, mus. 
Under the.se. conditions of condensation, the velocity of the 
ions is naturally reduced and their power of ionising or 
breaking down a molecule into atoms is correspondingly 
lowered. Undried air at ordinary temperatures having a 
water vapour pressure of ea. 7miii 11,0 1ms a limiting yield 
of ozone which is only <’K) to 70 j»r cent, of tin* air when 
dry; in the presence of moisture likewise tin- fonualion of 
oxidos of nitrogen, dun to tin; tin rmal effects of sparking as 
well as tlio pOMiibln interaction of ozone willi home form of 
active nitrogen produced in the spark discharge, is le-ually 
occasioned. T. Lowry (".f.C.H,*' i©«, lliij, UM2). in an in- 
teresting research on the effect of the silent and spark dis- 
charges on air, showed that in dry air oxides of nitrogen were 
not formed under the experimental conditions by passage 
through tho ozonisnr or the spark discharge gaps. When 
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passed, however, through both in serios, or when the air 
currents subjected to each discharge were mixed, oxides of 
nitrogen wore produced. 

Tjowry came to the conclusion that in the spark discharge 
an active variety of nitrogen was formed which was easily 
oxidised by ozone. 



Diklkctuk: Material. 

Wo have already noted that the yield of ozone per kw. 
hr. at a definite concentration increases with the increase in 
capacity of the ozoniser, hut that tho limiting yield decreases. 
In addition it must be remembered that extreme variation in 
the size of the. air gap or interpolar free space is not permis- 
sible, since too small a gap will permit the passage of sparks 
and possible arcing with minute variations in the applied 
voltage, whilst with a largo interpolar free space tho luminous 
discharges, on which the formation of ozone appears to he 
largely dependent, will not fill or '‘saturate" the field. Tt is 
evident that the use of dielectric material other than air, by 
which alterations in tho. capacity and interpolar distances 
can readily he made, offers the designers of ozonisers a very 
considerable latitudes in these factors. 

For tho purposes of calculation we may take a simple 
plate form of ozoniser and consider tho effect of inserting a 
plate of dielectric material in tho air space between the two 
metallic electrodes. 

T 




i 



Fio. 12 . 
8 
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If the two plates are charged with a quantity of < 1> < tri< ily 
of surface density <r, the attraction, at a point I hHu-Ui iti on 
plate, by the other plate which is separated from it !•> ihc 
interpolar distance (a) is — 

^ f“2 irrdra- cos B _ f^2?r B tan 9 <tQ ««<•." Orffl >-<m 0 

F = J a 2 sec 2 B J - ' B( '°" 

a — y 

/.ff 

= j 27rcr sin 6 = lire. 

— -jr 

At a point between the two plates the attraction due t* « 
plate is 27 r<r, thus, with a positive charge on one pint'* Hixl a 
negative charge on the other, F = 47 rcr. 

If the potential difference be V, and the total charge 

then — = 4frr<r = A being the area of each pint'-, or the 
CL A 



o apM it, - 2- A_, 

if we neglect the irregular distribution of the stmuu lines 
near the edges of the plates. 

On the insertion of a piece of plate glass of thiekm-M b 

between the plates, the equivalent air thickness in , where 

K 

K is the specific inductive capacity of the glass, hence l|»i* 



new capacity will be augmented to ^ A . mid 

47r (“ K ) 

the interpolar distance of air space reduced to a h Uy 
this means we have augmented the capacity and dec reused 
the interpolar distance of the ozoniser, and thus inomt-cc! it* 
efficiency; at the same time the tendency to sparking and 
rupture of the gap between the electrodes is diminished, mnee 
the mechanical force per unit area is likewise reduced, and 
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the possibility of the flow of currents of high densities natur- 
ally excluded. 

The following are the approximate values of the specific 
inductive capacities of the more common dielectric materials, 
dry air being taken as unity : — 



Matei ia.1. K. 

Paraffin wax 2-3 

Rosin 2 ‘6 

Ebonite 3-2 

Sulphur 3'8 

Glass 6 to 7 



The choi ce o f dielectric material is naturally limited^ since 
it has to withstand both high temperatures and the destruc-_ 
tive oxidising action of the ozone. Amongst those which 
havo been suggested may be mentioned : shellac, mica, 
quartz, glass, and artificial insulators formed by condensation 
of phenol and formaldehyde, the so-called Baekelites ; glass, 
however, is the onjy material. which_has received extended 
technics} application. 

The effect of insertion of a solid dielectric in the inter- 
polar space is, however, not so simple as indicated by the 
above considerations, since like other materials, not only are 
they imperfect insulators, but many of them possess the in- 
teresting property of acquiring residual charges. We may 
regard the dielectric medium to consist of a number of con- 
ducting particles embedded in an insulating material, the 
fraction being smaller in the case of the more perfect insula- 
tors. If this fraction be denoted by u, then the specific in- 
ductive capacity can be calculated approximately from the 
relationship 




<r/t ink 
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u being determined from the molecular specific volume 

When a strip of dielectric material is charged up to a 
high potential, after discharge it will he found to aeijuire a 
small charge, on standing, which is often sufficiently great to 
raise, the potential of the dielectric up to :i(H) volts. This 
property of acquiring a residual charge is only possessed }, y 
those bodies which possess the. property of exhibiting elastic 
aftor-effects, it is never shown by simple substances, hut only 
by mixtures such as the glasses ; thus xylene and paraffin 
oil alone do not show this effect, hut on mixing the two, the. 
residual charge is apparent. One of the constituents must 
also possess a certain amount of electrical conductivity. 

It is interesting to note that Itiesenfeld (" Zeit. Klektro- 
chem.," 725, 1911) failed to obtain a brush discharge with 
pure quart/, glass, although such discharges are readily ob- 
tained with all forms of glass which may contain quite large 
percentages of silica, attributable to the slight electrical con- 
ductivity of the glass, and its possession of a residual charge. 

Two othor important properties of dielectric materials 
must be briefly alluded to, namely, the alteration in conduct- 
ivity with elevation of the temperature, and the modification 
which the dielectric undergoes when subjected to electrical 
stress. 

It is well known that the conductivity of glass at oven 
slightly elevated temperatures rapidly increases. Mond and 
Langer and Huber have actually used solid glasses as 
electrolytes at temperatures between 200' and 500" C. fjocal 
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overheating at one point in the dielectric, due to a slight ir- 
regularity in the current flow, will thus cause an increase of 
conductivity at this point, with a corresponding augmentation 
of the current. Fusion and finally perforation of the glass 
results. It is for this reason that porcelains, which possess 
temperature coefficients even higher than thoso of the glasses, 
are. unsuitable for dielectric material in ozonisors. 



Kerr noted that the optical properties of dielectrics wore 
considerably modified by the application of electric stresses. 
These modifications are influenced by the. period of time for 
which tho8tress has been applied, thus Floming (sec “ Amor. 
Kuppl.," 45, 1912) showed that the conductivity of a dielec- 
tric varied with the. frequency of the applied alternating 
current, and Lipp (“ Hoohspauning Technik") found that 
the applied voltag<*s necessary for perforation of thin sheets 
of dielectric material varied with the period to which the 
dielectric material had been subjected to the electrical stress. 
The perforating potentials for the usual dielectric materials 
are approximately as follows : — 



Material, 
Mira . 
Mii.-anltu 
I’orculaiu 
Olaxri . 

I .nad glam 



Perforating Pntmtials 
in Kilovolts jmr Vm. 

. 000 to 7(50 

400 „ 600 
100 

76 :W0 

. 1000 



Air {'* Amadnszl N. Omenta,*' 3 , 61, 191*2) — 
7000 volt* por l' 6 om. 



97,000 „ „ 13-6 „ 

100,000 „ „ 14 „ 



The potential difference necessary for discharge between 
two conductors in air varies with the sijje and shape of tho 
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conductor, point, discharge taking plaeo much mere r< tidily 



than discharge, across plane surfaces. 


The following figure. 


(Abraham and Villard, “ l’hysieiii 


nstiurts," I'dlO) indicate 


the potential difference requir'd to cause a .'ill mm. spark to 


strike between two spherical electrod 


es of varying radius :• - 


Jtinlilii ill Mia. 


/“«/»ii/i</ Inffn umv. 


a (pilin' ) 


s;;.7oo 


300 


Hb. 100 


100 


HI. 100 


Ml 


an. non 


0 (p/ lint.) 


•sn.VX) 


The relationship between the potential diif'-retiec and the 


striking distance, in also not a simple 


• one, as indicated from 


the experimentally derived figuri-s for spherical electrodes 


1. cm. in radius • • 




tilth line ill Cv If. 


Ai /<»>< It*. 


0-0fi 


:;7 


0-10 


4 ) 


0-40 


11 0 


0-&0 


t.V(l 



For very small intorpolar distaiieeH, say J to 50 pp, the volt, 
age, necessary is independent of the distance tuid npia! to 
about 1550 volts (K. Williams, “ I’liys. Chem.,” 31, “2111, 1010). 

0. Hoveda ('* l*hys. Itev.," 34, 25, 1012) giviw the follow- 
ing relationship for point to plane, dhehargei, p - 

V « a — 

c + v / 1 1 

where a, b, c, are constants, and !) is the interpolur distance. 

The use of minute points corrugated or roughened metal 
electrodes in industrial ozoniw-rs is very frwpieiit. since, as 
wo have seen, the presence of points facilitates the di ctrieal 
discharge. 
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L. D&comhc ("Jour. do Physique,” 2 , 181, 1912) has at- 
tempted to calculate the energy dissipated in a condenser 
when connected to an alternating current source ; he shows 
that the energy absorbed, i.e. VSq (where V is the appliod 
E.M.B\ and q the chargo on the condenser), can be expressed 
in the form : — 

YBm + R,SV, 

where m is the polarisation and B„ a constant, this is equi- 
valent to the dissipated energy: — 




or the dissipated energy is proportional to the squaro of the 
polarisation current and independent of the periodicity. 
V. Khrlieh and K Busk (" Xe it. Elektrochem.,'* 19 , 330, 1913), 
as a result of an investigation on the measurement of tho 
electrical quantities in a Siemens ozone tube, showed that 
the ionisation or polarisation current and applied potential 
were always in phase, and that the potential difference 
across the gas gap was a direct measure of the energy. 

Clumsy (" Jonr, de Physique,” 2 , 870, 1912), on tho other 
hand, showed that the energy absorbed per second by a gas 
under alternating fields, varied as tho chargo Q and not as 
the square of the charge, as in metallic conductors. 

An increase in conductivity of tho solid dielectric is also 
to be expected from its exposure to tho ultra-violet light 
generated by the brush discharge in tho intorpolar air gap. 
A. Goldmann ("Ann. der Physik," 36 , 13584, 1911) has 
shown that solid diulootrics exhibit both an increase in con- 
ductivity and a negative discharge of electrons similar to tho 
llallwachs effect in metals when subjected to ultra-violet 
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irradiation; the conductivity of sulphur is N-itd to ine.rcusi: 
1500 times when thus illuminated. 

'I Upcx nf / nil tint ritil Uonixi / s. 

Industrial ozotuKors may he grouped int>i two iliHtmct 
typos : those in which the silent discharge. pa^si-H aeross the 
air gap without tho interposition of any solid dielectric, and 
those in which one or both of tho electrodes are. protected by 
some suitable dielectric material, usually glass. 

No a- ilir.hr tru: t):.unm rx. 

Several attempts have been made to produce an ozoniw'r 
without any dielectric and although large units on various 
systems have been constructed from ume to time, their 
efficiency has usually been extremely low and at the present 
time all industrial ozouiserH contain dielectric material. 

Schnollor, Wisse and Sloeii, in 18111, were th- 1 first to 
construct large ozonise rs without a dieleetrio. One dis* 
charging surface consisted of a sheet of platinum gauze to 
provide a great number of small points some fJD mm. from 
tho other surface formed of perforated metal sheet, the air 
current being forced through tho perforations in the sheet. 
The two electrodes were cylindrical in shape and were 
mounted in glass tubes. The operating voltage was at first 
15,000, which was subsequently raised to 50,000, To avoid 
tho formation of an are discharge, which iri tho absence of 
any dielectric between tho electrodes would Isa attended with 
disastrous effects, a high resistance was inserted in series 
with tho ozoniser. 

These investigators found much difficulty in the con- 
struction of a resistance suitable for the purpose. It was 
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necessary to obtain a suitable resistance of 15 megohms, 
capable of carrying U'01 ampere ; moist unglazed porcelain 
and glass tubes containing HQ per cent, glycerine were found 
most suitable. Vosmaer ('‘Ozone," p. U4) showed that 
sparking and arcing could not be avoided even with this 
artifice, and that the external resistance served to increase 
t.ho capacity of the circuit rather than the resistance. 

Slate was found to bo more suitable than either glycerine 
or moist unglazod porcelain, which rapidly lost its humidity 
and suffered an increase in resistance. 

Putin's ozoniser followed a similar construction ; re- 
frigeration of the air prior to ozonisation was employed to 
increase the yield, and a number of small metallic perforated 
prisms enclosed in a single unit comprised tho electrodes in 
lieu of tho perforated plates and gauzes in Schnellor's ap- 
paratus. 

Various improvements in design of this type of ozouiser 
were introduced by Tindal in 1894 and more especially by 
Do Friso in 11)04. Do Friso’s plant was actually employed 
for a short period in tho sterilisation of water on a largo 
soaks at the Haint-Maur Water Works at .Paris, but tho 
dielectric Siemens- Ilulske ozoniser was subsequently in- 
stalled and adopted as proving itself more economical in 
operation, 

Tindal employed Hchneller's method of augmenting tho 
capacity of tho system by the insertion of liquid resistances 
in series with the ozoniser. The ozoniser consisted essenti- 
ally of a system of compartments separated by perforated 
metal plates, containing alternately a set of electrodes and a 
water-cooling device. 




O/.oM. 



V12 

The perforated metal plates att-n-ln-d t<i tin- cooling tubes 
served as one net of eleetrndi s uf the oxuiiiM r nml fim gauze 
as the other set. 
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The. water wan maintained in Active eneulatinji to ang* 
uiont the cooling. 

])« Hriao likewise adopted Tindal’h turning* ne nt >-f nlti-r- 
nating owmisation and refrigeration, hut adopted a different 
arrangement for the distribution «f the electrode-., 

These consisted essentially of a senes of errM-ciit-shuped 
discs mounted in parallel each with its own liquid inductive 
capacity in a water-cooled metallir trough wlueli served ns 
the other electrode. 
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I'iach disc was furnished with a number of minute points to 
facilitate the discharge. 

These ozonisors were in successful operation with voltages 
up to 10,000, although an applied voltage of from 15,000 to 
'20,000 was usually employed. 

Tt possessed distinct advantages over Tindal's apparatus 
in that the distance between the electrodes could be reduced 
very considerably without risk of arcing, thus increasing the 
efficiency of the apparatus. 

Various types of mechanical ozonisors operating without 
the interposition of any dieloctric have been constructed from 
time to time, the most successful being that of Otto. 




The frequent occurrence of arcing in non-dioloctric 
ozonise rs as well as the necessity for obtaining a very small 
polar distance between the electrodes for efficient working, 
led Otto to construct an ozoniser in which by the rotation of 
one electrode the polar distance was always varying, so that 
if for any accidental cause an arc should bo formed at one 
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point, it would speedily lx*, broken again by the Mibsocpient 
increase in the are gap. A diagram of an improved form of 
Otto ozoniscr is shown above. One clcctrxlc, which is fixed, 
consists esscHtialiy of tui aluminium dine, studded with a 
great number of small points, the. rotor hem# a metallic* disc, 
scgmcuitod with insulating material. IJp to so, 000 volts have 
been employed on these, machines. 

None of these ozonise.™ have proved sufficiently economi- 
cal or reliable for industrial operations in which, at the 
present time, ozonisers containing one or ncre dielectrics 
are practically universally employed. 

Ozonixrrs Containing a 

Tubular Ozonise™.- The present construction of service- 
able apparatus for the production of ozone by means of the 
silent discharge has developed from the simplest forms of 
ozone tubes constructed by von Hietnens, in in tiermany, 
by Brodio in Kngland, and Berthelot in France. 

Hiemens' first ozoniser consisted essentially of two coaxial 
glass tubes, the outer coated externally and the inner intern- 
ally with tin-foil, the air being passed through the annular 
space. Brodio substituted water as eieetrode. material m the 
place of tin- foil, and Berthelot used sulphurir acid 

These ozonisers thus contained two dielectric, plates cover- 
ing each electrode, and in practice gave serviceable and 
uniform results. 

Brodie's and Berthelot’s system gives somewhat 1 Matter 
results than that of Siemens’, since it is a simple matter in 
these forniB to arrange for efficient cooling of the electrodes 
and interpoiar space. When oxygen is employed instead of 
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air, a 10 per cent, ozone concentration can easily be obtained 
at room temperature and over 20 per cent, at -25° C. 

Yet another type of apparatus was introduced by Dr. 
Oudin and Andrfoli in 1893. As one electrode a simple 
form of glass vacuum tube was used, electrical connection 
being furnished by means of a soaled-in platinum wire, 
which in Andrioli's apparatus ran through the whole length 
of the. tube. The. second electrode consisted of a sories of 
equally spaced indented steel rings, surrounding the vacuum 
tube, or a copper spiral coiled in the form of a helix round 
the tube ; the whole unit being inserted in a glass tube 
through which the current of air was passed. Gaiffe and 
E. (,'hatelain at a later date modified Oudin and Andrcoli's 
apparatus by substituting a second annular vacuum tube in 
place of the steel or coppor olectrodo by the former investi- 
gators. 

Binal! types of Oudin and Andrdoli's machines were at 
one time popular for modical work but have not boon 
developed for industrial purposes. 

The Siemens type of ozoniscr was developed by Krbh- 
lich and Erlwein, of Siemens and Halske, to its present form, 
which has proved to be eminently suitable for industrial 
purposes. 

The tubular form of the earlier form of apparatus was 
preserved, but various modifications were made in the dis- 
position of tho electrodes. 

For the internal tin-foil coated glass tube, a cylindrical 
aluminium tube was substituted, maintained in position in 
the outer tube (of glass), and separated from it by 1'5 mm. 
by means of three ebonite spring plungers. As the other 
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electrode, Brodie.'s idea of using water was adopted and pro- 
vision was made for circulation to ensure moling, tin 1 cast- 
iron frame containin'' the oxoniser and water being 

car«fully earthed. The* smallest tcrlmicnl unit contains two 
ozone, tubes, the. largest eight in tin* same water-coolin'.; 
frame, which is provided with a glass inspi etioii plate. 
The operatin',' voltage varies hetween 41)00 and 10,000 
volts. 




Wo have already discussed the, results obtained by 
Krlwein with this type of apparatus and will refer to the 
technical applications in a subsequent section. 

A similar type of apparatus has been developed by the 
General Electric Company, but the somewhat eh< aper and 
equally efficient enamelled iron has been substituted for tint 
aluminium. 

The Wcstinghouse Company in the Gerard oxoniser sub* 
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stitutc oil for water as the external electrode, and utiliso, as 
in the early Brodie tube, a double dielectric system. 

According to the investigations of Vosmaer, tho economi- 
cal production of high concentrations of ozone is realisable 
in this typo of apparatus. 

Various other forms of tubular ozonisers have been the 
subject of patent literature, a few of which, such as the 
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Klworthy, Yurnold and Gaiffe, have been sporadically de- 
veloped for a short time by small companies, only to sink 
again into oblivion. In Europe the only representation of 
this type of ozoniser which may be said to have established 
its footing industrially is that of Siemons and Halske. 

Plate Type Ozoniser s , — In the tubular typo of ozoniser, 
owing to the disposition of the electrodes, it would appear 
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that the use of cooling water m essential in order to h«rp 
tho interpolar space and t he* inner eb-i-trodo r* -hit ivc-ly cool, 
which, as we. have, seen, in one of tin 1 most important fwtors 
in the. economic. production of ozone. Since tin- thermal 
radiation obtainable from two parallel plates is much greiter 
than in the tubular form, where flu* radiation is practically 
confined to the intorpolar area and to the external surface of 
oiKt electrode, the provision of cooling water ii not es.intiu] 
for efficient operation. Although hi .-tier results are old un- 
able in well-designed ozonisem, where water cooling i used 
in addition to the, cooling effected by the nir pas'-ugi*. y, t 
with air-oKiled plute ozonisers of the. proper design and with 
tho enhanced capital and running costs entailed m water - 
cooling devices, the. cost of ozone, production hv either 
method is approximately equal. Nevertheless, in those cam s, 
usually exceptional, when* high ozone concentrations or low 
air current velocities are. required, provision for water would 
appear desirable. Modern plate form ozoniser « have «*•»*»* 
sequcntly developed on these two di tnirt line., those in 
which air cooling only is utilised and those m which supple.- 
montary water cooling is made use of. 

Air-coolrd Plate Ozonmre. The earlier ozoniser* of 
this type, such as those of Villon and Gimiu of I’repoignot, 
and an experimental one of Otto's, were not a success, since it 
was found impossible to prevent a very considerable rise in 
temperature during continuous operation, resulting in a 
serious loss of efficiency. 

The first technical ozoniser which showed promise was 
that of Andr&di, and possessed the great merits « if simplicity 
of construction and uniformity in operation. 
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Audrooli’s ozoniscr consisted of a series of serrated alu- 
minium plates separated from each other by a sheet of glass, 
ca. 2 min. thick, and an air gap. Each plate had an area of 
30-f) x 30 -n cms., and possessed 17,700 points formed by in- 
dentation of the serrations. Those units were mounted in a 
wooden box ; provision was made for possible expansion and 
contraction, and various artifices were devised to ensure the 
plates being inserted quite parallel with each other. 

With an eight-plate ozoniscr, operating with a voltage as 
low as 3,300 volts, an energy consumption of 1>50 watts could 
easily be maintained, producing ca. 00 to 100 gins, of ozone 
per kw. hr., naturally at very low concentrations. In his 
later models Audrcult likewise introduced water cooling, and 
could consequently elevate to applied voltage from 3.300 to 
10,000, without any undue rise in tomporature. 

Experimental ozonisers of similar construction have been 
designed by Vohr and Vosmao.r hut do not appear to have 
lieen developed for industrial purposes. The only air-cooled 
type, plate ozoniscr which appears to have outgrown the ex- 
perimental state, and to be actually employed in tho various 
industries, is that of the Ozonair Company. 

This ozoniscr is extremely simple in construction and 
efficient in operation. Tho oleetrodic discharge through tho 
glass dielectric plates and air gap is facilitated by employing 
flat sheets of metallic aluminium alloy gauze as electrode ma- 
terial ; this possesses the dual advantage of an even distribution 
of points over t^e whole electrode area, and of being practi- 
cally resistant to corrosion or tarnishing. Cooling is effected 
by tho air current and concentrations up to 3, and, for 
short periods, even 4 gms. of ozone per cubic motro may be 
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obtained under renditions of art uni operation without undue 
elevation of the teui| irratiirr. 'J'lu* opc rating vo/tatf- is usu- 
ally r.OOO at periodicities varyiir*; from to loo. 'IV tn have 
shown that at a concent ration of - gm*. jiit eiilur un tre the 
output may exceed 100 ('ms. jmt kw. hr. 



Ai<i y < i , ir 




Km. in. 



Water-Coaled Plate Ostmmerx. TT*i*» t vj*** of o/ontm r 
wan developed chiefly l»y the early invrshj'atntit > of Otto, 
and KuhHcjaently hy thrum of Marine r and Abraham; na a 
result the Otto Marniter Abraham O /.oniwr waa con^tructi*], 
which has found a by no mean* imetjnifintnt number of in- 
dustrial applications, eapmally in Fronrr, 

Tim unit consists of a pair of hollow diw elect ndes with 
perfectly plain fares which are protected hy jdales of the 
dielectric, in thin caw ylnas, home ti unit, thu-k The inter* 
jiolar air apace through which the air flown m a radial 
direction varicH from I’d to i H mm. in width Kach dectrodw 
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is cooled by running water, a broken fall providing against 
short circuiting through the earth. 




The outer casing is made of earthenware, the air being 
forced in at one end and emerging aftor ozoni Ration at the 
other. 







Eauth 

Pro. 20. 

The ozoniser operates successfully at a voltage of 30,000 
to 40,000 volts, although voltages much lower than this can 
naturally be employed, 12,000 being quito normal. 





Otto introduced for t Ilf*"-*- iiiaelriiM-a a form uf 

electric safety valve consisting of two ln«ni>* Imped eieetro-lin, 
separated by a variable air pap and plaeed in • > res with lit- 
ozoniser. 

An accidental rise in the operalitn; voltim* would < a 
discharge. to take place across the air pup wh« ti .ninthly ad- 
justed, and thus obviate any break -down in tie- dn 3. etrie 
plates of the ozonise)-. 

Imbibe. siloi*c;ste»l (lie rise r.f mira a . a di»b elite to pl.nv 
of plasu plate in ozoniser-* of this type, but in piarlie. , owni;* 
to the. disintegration of thi* btnmmti <1 malt n il. unfavourable 
results wore obtained. 




CHAPTER VITT. 

TIIP. CATALYTIC DECOMPOSITION OP OZONE. 

Since the quantity of ozone in equilibrium with atmospheric 
oxygon at ordinary temperatures is, as we have scon, almost 
vanishingly small, it follows that in ozonised oxygen or 
ozonised air conditions of unstable equilibrium obtain, and 
the apparent stability of the ozone is duo to the fact that tho 
equilibrium is " frozen," or the rate of decomposition of ozone 
at those temperatures is almost negligible. The rate of de- 
composition of the ozone in excess of tho minute amount 
present at the true equilibrium can he accelerated in a variety 
of ways, such us hy tho addition of catalytic materials, either 
solid, liquid, or gaseous, by photo-chomical action, or by 
purely thermal methods, by slightly elevating the. teiuperaturo. 

The rate of decomposition of ozone has been tho subject 
of many investigations. Shenstonc in 1897 considered dry 
u/, oiio to lie extremely unstable, and to undorgo decomposi- 
tion with extreme rapidity. At a later period, H. E. Arm- 
strong showed that, in the absence of oxides of nitrogen, tho 
rate of decomposition was sensibly lessened. 

Juhn (" licit. Anorg. Chom.," 48 , 260, 1906), at Nornst’s 
suggestion, conducted a series of experiments on the rato 
of decomposition with a view to elucidating tho mechan- 
ism of decomposition. The ozone molecule may undergo 

(138) 
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decomposition in a variety of w.«y,. a. iii.Ik .i!< <l in 111. !•>]■ 
lowing ctpiatioii'i : • 

u* -in 

(ii) ( ) J <>, t- O 
(in) (>., -I- <1 

.lalm'H fxpc.ninnitiil r« -stills si|<|t« ar«*d In indn at. that tin- late 
of (looomjxi.silion cmild Ins formulated in tin 1 ■ \j*h :>>n 

til * < (Ujl* 

lie. conHWjucntly ur;»m*d that tip der«nnj»<i -iti <ti f'>H >hi< 1 the 
courttp indicated hy equations < n? ami mi/ an the a ninjit ic at 
that the firnt reaction wu*. tapid and r< vet .il»l< 

(>j :: o, i o. 

ami tho iK’ooml alow ami irreverhihb 

(>, i U - JO, 

J’crinau and (lr<avon (“ 1’roc. Hov. He«*.,“ 4, * 07 , i» .*».!, I'fO*; 
likewise stated that the rate of derumpo’.iljon was, him r<.< ly 
proper! iunal to the concentration of tin- osyjjen 

dft Oj) K 

<11 «*( 0 .» 

Chapman and ("lark ("Trans. Oh«*m. Hoc.," 9 .%, io-iH, Hit)*) 
and Chapman and domett " Traill *54, ’J HU, >.nlqceu*d 
tho whole matter to an exhaustive examination , th«> shewed 
that Jalui's and Herman's interp. elation wan not < and 

that very mrions errors dm* to the eatalyiic **f tip* i*ur> 
face of tho glass vessel vitiated tins awnrary of their results. 
Those investigate! h found that tin* 1 ate of d« eoinjioinUi.M wan 
proportional to the square of the roman trillion of tin* ozone, 
and independent of the oxygen pressure ; 
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or 



dc( <>,) 

dt 
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E, Wcigort (“ Zeit. i’hys. Chem.," 80 , 78, 1912), however, 
obtained values corresponding to an order of decomposition 
somewhat exceeding two in the dark. 

The rate of decomposition is greatly accelerated by riso 
in temperature, being almost instantaneous at 270° C. and 
quite rapid at 100" C. This fact, namely, that the equilibrium 
is not to be regarded as "frozen ” until room temperatures 
arts arrived at is, as wo have seen, the factor militating against 
the successful thermal production of ozone in contradistinc- 
tion to nitric oxide where the equilibrium is practically 
“ frozen “ at 000 ' O. 

The decomposition may likewise be accelerated by solid 
catalytic agents such as the following : — 



Ag, (in, Co, Ni, Cr /)„ l>b,0 4 , V*0,. MnO„ TiO.,, ThO» 
CeO,, U,O w WA, JJaO, CaO, Hg, Ni, I’t, Pd, V, 
and powdered glass. 

The catalytic activity of platinum black is extremely 
great. Mulder and v. d. Mculcn (“Kcc. Trans. Chem. Pays.- 
Jias.,*' i, 107) and Warburg (" Berl. Akad., Bor.,” i, J900, 1170, 
1901) noted the rapidity of decomposition of ozone rich gas 
when passed over cold or warm platinum black, whilst Elster 
and (lei tel (“ Ann. der i’hysik," 2 , 39,321, 1890) and Well and 
Kopp (** Jahresber. Chein.,” 270, 1889, 322, 1H90) observed 
the formation of ozone by passing oxygen over hot platinum, 
indicating the reversibility of the catalytic activity of the 
platinum. 

In many cases the activity of those catalytic materials 




1 :tfi o/jis r 

can be Jttl l'i I m t.« ••] tn the formation ami Mill** pent «i* (‘mu* 
position uf an unstable oxide or pero\id< , e.p. 

*.!A<* -!• ()., — A;; <> i O.. -* Ap. 

Manehot (" Jler.," 30, I’dO. i '.*• » « ; .*«>, v l'*uT; and ,p, 
;$'.)} K, ni a ivMilt o{ :» series of i-xperim* nta, i.lilutm d 

Hume interesting results with silver ;u 11 eatihtf .»/• til . 1 i •• 

noted that pure .stiver was relatively aide m tie |.r« > iH'e 
of o/.cme, it hemp necessary to warm tin* mot il up top l ('. 
before decomposition of the uxotie tmd formation uf uh> 1 
oxide occurred. 

A trace of iron, usually obtained from the eim ry powder 
employed for deamtip the silver, •« rvi s a. mt tv* Hint 
catalyst promoter, stiver rnntiuiunp, hut a uunm< time of 
iron reacts already at normal t*-nip>-mtun u, and 1 < .. than 
()■()! jier cent, of o/.one can hr delrrf, d by tin •to* ui . Mitt 
chut slates that stiver tints pripatisl 1. 1 v< 11 tm«n *ti,>ti\i> 
than alcoholic tetrauu thyl base piper and that tie **v* <»»• 
present iti hot flame,, rim easily Is- di l« >l*d 

. 1 . Strutt (" 1 'roe. Hoy. Sue," Hj, .'situ', i’.ilPi 1 \.imm<d 
('haptiinn and .Junes' result, from a .latist.eal j-mt! <d vu a. 
Hi* showed that in the ease ,.f mtalytie il«e< n<pn*.i.«ji at a 
gas.sulid snrfaee, tin- rale of decomposition d»*p* od • on Ho* 
number of colltHtotis uf a paa molecule with tie njrfaee »»< 1 1 
sary to effect the rupture of tin- molecule nr r< action with 
tiie surface. 

(uilrulutinp the utimher of collisions n«e**s»ary to • tf* «*t 
the decomposition of imuiio in tin* piesmtee of metallic silver 
from the nunituum area of ».t!vrr fi> n ssary t»> HtVrt ..urh 
change, he showed that only !•(» collision* of an o/mw mule 
cttlo witfi the silver was necessary, or practically rv< ry rob 
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lision was effective. In the absence of any surface, i.e. in free 
space. Htrutt concluded that at 100° C. two molecules of ozone 

must collide fl x 10 11 times before a favourable collision re- 
sulted. 

The effect of various gases on the rate of decomposition 
of ozone was likewise, investigated by Chapman and Jones, 
who showed that oxygen, nitrogen and carbon dioxide had 
no effect, whilst nitrogen dioxide and chlorine accelerated 
the rate of decomposition. The influence of water vapour 
was not very marked. Shenstone (“ Trans. Chem. Soc.," 71, 
47, 1897) stated that water vapour did not retard the forma- 
tion of ozone ; but, as pointed out by Armstrong, Shonstone 
probably included any nitrogen dioxido formed at tho same 
time in his ozone estimations. Warburg and Leithauser 
(“Ann. der Physik,*' IV, 20 , 757,1900) found that the for- 
mation of ozone was retarded by water vapour whilst the rate 
of decomposition was not affected. The specific influence of 
water vapour in accelerating the decomposition of ozono was, 
however, noted by Warburg (" Sitzungs K. Akad. Wise.," 
Berlin, H4I, 1913) in the course of his investigations on the 
photo-catalytic decomposition of ozone. 

It may he concluded from these experiments, as well as 
from the somewhat scanty data collected on the rate of 
decomposition of ozono in solutions, that water vapour exerts 
a slight yet distinct catalytic action. This is only to bo ex- 
pected if it can be assumed that ozone is slightly acidic, since 
when passed into strong alkalis it forms tho somewhat un- 
stable coloured ozonates MHO*. In this case (sec Chapman 
and Jones, "Trans. Chem. 80 c.,” 208 , 1811, 1911) an equili- 
brium is probably set up represented by the equation — 
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•j< »H i > ■; 'Hi i, 

•jho, — ll.o . u ' : •> 

If (ho rate of clu'Dinjun.itjoii in tin pn 'in* *f im.i tiui i. 
thus ar.reler.it i*d hy tin* li ( >, nm tin it tie- <<l..ntd i -it « * jf 
decomposition will 1 >* • 

f/flOjt K v () , K( - If) t * ii| . 

<tt 

where ('((Hit in very small and h r» « iti v » 3 y mid lumpotd 
to K. 

Until i" Montttsln ft ,>4, *’»*<’», t*t]'i j j»\ * tin >!• 

Composition of ti/’inc in and .il«iiinii*> . h* le>v.*d th»t tie* 
rate of decomposition 1:1 stionj? •«* id** w**. n> ub hiue » • ul nr 
and in very weak ands jirn< tie iliy nemom >l«>ulir. tie- 1 it* 
for tiny arid struiyth bomj* d< U runned In lie • jtnt«*n 

'-•'I/' 1 - Kl'toj t K( 

fit 

hy suitable choice of the v.ilu< s fi«m K and h , 1 1«* uluity 
coollicieiits. 

Th<‘ eatalytie artivity of Jipht m d<<*»mj* mp «.»< 1 «* w<» 
first studied hy Ifc-p m r t** \nn der f'hvili.' in. I 1 is 
who showed that hjjlit of a r»-r* »m wav* h n/lh in th« niOi 
violet portion tif the spirlrum. vu in the region J Ml { * 
exerted a very marked deo/iorminj* n*iiMii t »nd w» h »ve 
already diaeusNrd the interesting fuel that li/lit «-f dmitu 
wave length exerts an H/oniMing a<*tii>n 

The reaction of kinetic* of this r> a* lion w »*• »m< t s j * »t «- 1 
by von Babr <•' Ann der I’liymk, ‘ 4. t i, I til <j , and « *j» * t- 
ally hy Weiner t (" Jieit l’hy* Hicin Ho, 7a. . who 

showed that with rumpMn absorption r d light th< r«-a» tern 
velocity of decomposition was proportional to He njmnr eon* 
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(•nitrations. On the other lmnd, under conditions of homo- 
geneous illumination, when the emergent and entrant beams 
ar<! equally intense, conditions obtaining approximately in 
very thin gas films, the reaction velocity was found to be pro- 
portional to the sijuare of the ozone concentration. From 
Weigert’s data it may be calculated that in his experiments, 
approximately 100 molecules of ozone were decomposed per 
<]uanturn of light energy absorbed. We have already noted 
that the magnitude of the quantum hv necessary to effect 
any given phyto-chemical action increases as the required 
energy increases, and consequently the photo-chomical activity 
of light is greatest us we approach the extreme ultra-violet. 
In tlu; ease of the formation of ozone from oxygen we have 
already discussed tho ••fleet of quanta of various magnitudes 
on both the oxygen atom and molecule; we would expect 
that the magnitude of the quantum necossary to dotach an 
oxygen atom from an ozone molecule would bo very small, on 
account of its instability ; and again that the period of natural 
vibration of an ozone molecule, which determines the. absorb- 
tive |siwer for light of a definite wave length, would bo larger 
than that for the smaller oxygen molecule or atom. Both 
these expectations arc fulfilled in the experimental results 
since deozonisiiig light has a longer wave length than that 
effective in oxonisation. I’hoto-chemical equivalence, how- 
ever, is not obtained as hi the ease of oxonisation. The 
absorption of a quantum of light energy by the already ex- 
tremely unstable ozone molecule causes it to explode with 
considerable, violence, and, as we have seen, the energy Liber- 
ated during the explosion is able to cause the primary and 
secondary decomposition of over 100 other molecules beforo 
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the energy is ilis.iipitl «•<] mt>< tin* •.uiTninniits*' m* liutjii. M. 
Kaltniftndi (" I'rin-. I'livc.. Sm*..' 37, -i- *T. I‘.»l.*ii n ’aid > the 
nUra-viulc‘t li;*l it tit «i*i uti*«n a, tin- vtiinv • >! nurn in 
the cminineil nxy-rn whirl 1 nerve a rmtr***. <<f < j« *‘*<Hi}i*>>!tn*ji. 
Similar results with nhtaiiiii! In* l! Warburg 1“ 1 1* rim Ahad. 
Sit/.iiii-Hlii-r.," a, fill, J'.M'ti. Hi* iil<lain*‘*l v.ihn fnr tin* 
HjKttilic* ]'ln ilo*<*}ii*ttiii*.iil wtivily by lilhn- a lit* J» *|n.ni/ n il 
with ccxnniHcil nxyecn and <*xj«i mu it tn r.‘uh:ii;> 11 f> <r a 
definite length nf (inn*. 

'rile s|ic*c*ilir ]iliiitn-rln inic*!il ac tivity */* wti nbt »im* 1 ft mn 
tins ratin' • 

* ! ■: ■ 

where K is (lie: <*in*r«.'y ainnrhrd ffutn fh>- }i;*ti’ u : . md th< 
o/.cme eniteeittmlinti before mid aft* r itT.idiaiimi. 

The mtc* nf ili n/.miisiitinii «»•, i*a l«*i 1 In. 1 *>< ! tinnc tie 1 < la! i } •»»- 
Khijc— 

'/»•< O,) , . . 

i(l *• </» A.I if in 



•I rani It c'iic*r;;y in ;;m. ralnni*. j« r .•»*». nd 

A 1'Vurtinn nf li-ht itnr;*> ab*nilie<) «i>/t 
in ('i/Hri'iilmtic*ii nf n/mie m «*i-H. 

<f A cell cuii'.lant enrr* rtinj' f« »r !h** * |tmitiiiu >m . •!> < ninjtn >i> 
Item nt the ci/M»ic* m tin rrll. 



Hence* 



t loy * if 



and in the ubsejiec nf radiation 



1-14, r in*./ 



lid obtained the* follnwtun v:i1ih*h for th« hjc rtfir jdc- in- 
chemical activity with ii^ht nf wave length \ - 'I'M ftp h*r 
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Online in <p x io». 

CxjT.ed 0-2 Sti 

Nitnif'iii 0-075 

Helium 1-520 

irautcfcuillc an<l Chappuis ("C.R," 91, 702, 1880) woro the 
first to notice the inhibiting effect of chlorine on the forma- 
tion of 07 . 0110 , which reaii It was confirmed by Bhonstone and 
Kvnna (** .J.(t.f).,” 73 , 2f(i, ! 8 ‘.)H). The work of Bodenstcin 
and othcTBon the hydrogen chlorine combination leadaone to 
conclude that chlorine is an optical sonsitiser for the decom- 
position of ozone. R Weigert (" ’Auit. Klektrochom.," 14, 
5111, IU0H) dearly allowed that ozone containing small 
quantities of chlorine was rapidly decomposed by blue and 
violet light, whilst pure ozone is, as we have seen, only sensi- 
tive to ultra-violet radiation. The rate of decomposition was 
found to he proportional to the intensity of the light and 
independent of the ozone concentration. It would appear 
that the molecules of chlorine absorb the smaller quanta of 
longer wave length and are consequently endowed with an 
excess of kinetic energy equal in magnitude to the quantum 
absorbed. By subsequent collision with an ozone moleculo 
this increment of energy is transferred, causing a rupture of 
the ozone molecule into oxygen. Thu chlorine molecule thus 
serves ns a eonveyor of energy ami makes the medium sensi- 
tive to this particular radiation frequency. 




('ll Al'TKlf IX. 

INJilJnTKtAI. nK ux-r;i: 

A!TI.H‘\TU<S •)•() IholKNK* I’tUl'K ) . 

Vht ,S7c ri/iniititni .</ Will- r At/ I > >«»<♦ . Tic < •» r i>~ »f < •.)** < i 
iijcttlH mi the* iiki: iif ozone a i .i *.•< no*< ><l*- tnr tin' t> n!i‘i it cm 
of water wore made by I)e Mi'nti-iH in France 

Ho Khowr.il that even rlilut** ozone ed mr Would • - H« * t lie* 
Htcrilix&tMiij of ] wall i, provided that itituu i*< mutuot 
belwc*en ';a:. anil liquid win elftctcd. A f« » s».o > lal« r >!»«• 
hiilijcct wuh rein ventilated by FruhlirhC’ Heklr.Hioin. /• H /* 
.'*•11, IH'.H), of the* firm of Wiiiwii** and Habile*, who in did 
a Hciiii-iochnioal experimental plant at Martmile ufrld. 
Ohmiiller and Prn.il (“Arbeit. Km**. IU ■•'.mid." ’.f'J’t, I *'U>, at 
the request of tho Cii riiitttt (iovernmeni, inv"‘it»t»i»tnl the 
procchH in fin al detail and an a result «bow<v| that o/.oije 
energetically attacked bacteria in water front which any 
excesK of inert organic matt* r had U*«*ii prrvioii<.ly removed. 
Bnflicicnt evidence an to Hu practical utility was tlnn at 
hand to warrant a dowr examination a» to ita amiability for 
municipal work. 

Chemically, ozone i’h the ideal agent for purification, *unee 
it leaven behind it nothing f* -reign in the treat**! water. With 
the exception of oxygen, wlueh n>. m>t*t in the normal aeration 
and greatly augments the palatalulity of the water. 
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For technical purposes, however, the important factors of 
reliability and cost are all important. 

As a result of Frdhlich's experiments and the satisfactory 
report of Ohmiiller and Prall, the firm of Siemens and Halsko 
developed their process of sterilisation with ozone, and large 
plants were installed at Wiesbaden and Paderborn and at a 
later date at St. Maur, Paris, and Petrograd. 

Contemporary with those developments, Tindal, Schneller 
and Van SI eon installed an ozone sterilisation plant at Oud- 
shoorn in Holland which was subjected to a detailed in- 
vestigation by Van Krmongem on bohalf of the Belgian 
Hoard of Agriculture, and by JDra. Ogicr, Itoux and liepin 
(“ ite.v. Gen. de.s Sciences/’ 590, 1890) for tho municipality 
of Paris, with tho result that an ozone installation on Tindal 
and do Prise's system was installed at St. Maur, Paris. At 
u later date a combination of tho Tindal-do Prise and 
Siemens. Halsko. systems was utilised by the Parisian muni- 
cipal authorities. 

In 1898, Abraham and Marmior erected an installation at 
liiile, and in 1904 an ozone plant on Otto's system was sup- 
plied to the municipality of Nico. 

Small installations were likewise erected on Vosmaor’s 
hystem in Holland and at Philadelphia, U.S.A. 

As a result of these developments at tho prosont timo 
there are in operation over fifty plants for tho industrial 
sterilisation of water by this moans. 

We have already given a briof description of the various 
types of nzonisers developed for the purpose of the economical 
production of ozonised air; the various installations naturally 
differed in their methods of ensuring contact of the water 
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with the axoiitHHl air and in the jirelmmiary trc.it itn tit uf 
the water. 

Ki/bh Mi i\f tin s n/'in >/ IntiiiKiti ('ti/ifiifl I i (/>. <> mu 

and Watir. -In the earlier Kieiinoes atnl HaUlf m t 'illation . 
at Wiesbaden and f 'iiderhnrii, tm mi e«l mr eiintaimitj; f rmn 
2$ to 3 grammes uf n/.niic ju r enhic m« tre jhh«<I ii)m.mlh 
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through a tower with broken Hint and not n 

ing current of water which hud ]>ns»et] through mugti trig 

filture. 

Fairly satisfactory haetermi reduction was eff.-ete«l hy 
thin method, the count ranging fmiu it to *2 nrgnneou * j »r 
c.c. after ozoiiimitiun, and these organisms w»-r»* of th*- 
resistant and harmless It. suhlilis type* Kronen acidly. 
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however, these contact towers left much to be desired, the 
cost being about 2*75d. per 1000 gallons of water treated. 

The fundamental point to be considered in the design of 
a contact tower, viz. the intimate contact of every drop of 
water with the ozonised air, was clearly not realised in this 
elementary type of tower. It is evident that every flint is 
covered with a thin film of water into which the ozone can 
only penetrate, hy diffusion. Now the rate of diffusion of the 
ozone, into the; liquid film is proportional to its partial pres- 
sure in the gas above the film and approximately inversely 
prujsirtioual to the square, root of its density. Thus, although 
it is not a difficult matter to oxygenate water in this typo of 
tower hy moans of air, since the partial pressure of oxygon 
in air is about 20 per cent, of one atmosphoro, yet in the 
case of ozonised air containing 2*4 gms. per cubic metro 
the partial pressure of ozone is only 1/1000 of an atmosphere 
and its relative rate of diffusion only^i'*, or three-quarters 
that of oxygen. As a consequence, to ensure sterility, high 
cnneeiitrations of ozone had to ho employed and much ozone 
was lost at the top of the tower. 

Trouble! was also caused, especially at Wiesbaden, hy 
dogging of the contact tower with precipitated ferric 
hydroxide. The water contained small quantities of ferrous 
salts up to 0*5 parts per million, which were precipitated on 
oxidation as ferric hydroxide in the interstices of tho quartz 
packing. 

Vosmacr states that by proper design of this type of 
tower, relatively long and slender in proportion, sterilisation 
can be accomplished hy uzing an ozone concentration of 
only 1 gramme per cubic metre, and that complete removal 
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of the oziitii: is effected 1 « v such a towvr ulu n “i- and l**I Hid 
flow rules arc |trn|n-rly adjust • <1 ; ihn* a i<<a> r 1 i>»>> in 
diameter at id ;th feel high was shown i-.ijiald- “i ir* 
i 0.000 t'ldlniiri an hour, t»tn* •! feet duum l< r .i! 1 'Inbei* lj>hu 
dealt, wit 1 1 . r i(),000 giillmiH j« r hour. 

hi the first plant'; of Tttidd and d«- i*’n >■ l“*ti< * /“in • <! 
air and raw water ent< ted hy separate ]•<]«- • at llr hi • and 
flowed in the same direrfiun lhrnii:’h the thnt | *?**•!»» <| lowi r, 
which whh divided ii] i into segments hv tm an > of p> ifotat* d 
metal nr celluloid plates. 
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A considerable advance »>u tins practice vv »>. wade hv 
Otto hy the introduction of an emulsifnr for iushun." inti 
mate mixture of ozonised air and water at tin- ].»>.<• «,f th<- 
tower. The emulsifier in constructed on the hn» m.f a K' rung 
injector or simple water vacuum jmuip, the wat< r supph> d 
under pressure drawing in tic* ozonised air under vacuum. 
Not only was a very intimate mixture of the o/i.m n tn) tie- 
water effected by this mean* hut hy utilising the vartiuni 
produced hy the water stream the in enmity for pumping 
ozonised air. which requires pumps of spend ennutiuetjoit is 
avoided. Otto's installation at Nice included a oitional 
contact tower of cement umng shingle tm packing, and 
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< ipcr.it < <1 hy HK-iin.s of those emulsifiers. The plant is 
rapid dc «f dealing with 'i, 000, 000 gallons per day. 

In tin U tnnur ,S;/.\7i m , which has been successfully 
'h \rlu("‘il fur mstallatimis of capacity from 1000 to 2000 
gilloiiH per hour, tin- ozonised air is drawn into an injector 
h> th* ]«••• hiin* cl tin* water which is of the. order of about 
two atimi-phriv *. It is thoroughly emulsified l»y the injector 
ami pa v • nit" a sterili jug tank which is ho proportioned as 
to pi v* a runt act of aliniit HO minutes. The. coiicontration of 
oy.ujje nsed is from 2 to 0 guiH. per cubic metre produced in 
tie* standard typi* "f uzonisers (hoc p. 120). 

The greatest ecoiioiny in the utilisation of ozone was 
eJteotod by de Kris i*. who introduced a cyclic system at the 
St. Manr waterworks, where it operated with groat success. 

A diagraiunintii: sketch of Do Frise's systom is shown 
lffloW, 




The i izoiio eumjiretiHor draws the ozonised air from the 
o*om*-r« and forces tt into the. plate sterilising tower; from 
the lop of the steriliser the air returns to the ozonisers, 
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passing uii it ! wiiy through u v puator and .t dn« r in w hidi 
it conic 1 , in contact with c.i?ciutii «r **i* , win* h i «• ml* d in 

hot. weather. A sintill tiicti»m v.tiv* on tl,< ml* t ««f ihi* 
separator admits fn-di air to niul.r up i*>r tin* In .a lin mgl* 
absorption hy tin* ‘.tc-rthsed w.it* r Tin I • i * 1 1 it)’' t<»w< i i. 

••oustruefed mi tin* sectional \ !< in. I<* n-p limit nji of 
enamelled iron sections till in* In *h‘ip« uni '! f. i l m dime t> i, 
each section (there Ihiii;« .'if) menum in the town t < mp 
separated fmm the other. h\ pcifnr il< >1 ] 1 it* 

With a ratio of uzniiud mr to w.it< t «»f two t- fiv< , 
HH per cent, removal of the o/.oue t*. * Heeled m th>- l<iw«r 
HyHtom, the residue being ri tune «l aft*r «ityi*ir» to the * ./.un- 
worn. 

Prt ’treat inf nl of tin- H'tihr Kimvunrt orpuni* hi liter 
is readily oxidised hy oz.om to earl ion dioxide and wot. r, in 
order to exercise every possible innmmy m lh<- litih atom of 
ozone, it is necessary to subject polluted wat* r>* to some f>*itn 
of preliminary purification. 

The earlier installation*, at Winded* n and i'id.»b*<rn 
were equipped with simple roughing lilt* rs with *io ill pebble* 
as filtration medium, through whieh the water pn*-.«-d at 
relatively high upends. In the later plants, win re it was 
realised that the cost of removing organic limit* r hy oxida- 
tion with ozone was higher than hy the usual imthods of 
8cdimcntatiou and filtration, more attention wan paid to the 
pro-treatment of the water, and the ozone was utilised merely 
to remove, the last traces of organic matter and ensure steri- 
lising of thu water, conditions unobtainable by any method 
of sedimentation and filtration * xrrpt at prohibitive costs. 

In the Otto installation at Nice sand filtration alone is 
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employed as pre-treatment. At Cliiinclcin, in Holland, the 
Mark water is subjected to gravel filtration, followed by a 
sand filter. At < ludshooru the Rhine water is passed through 
sedimentation basins and sand filters prior to sterilisation. 
At St. Muur. I'.iri'-, sedimentation basins in conjunction with 
gravel and sand filters nrc utilised for the Marne water, 
wlub.t at IVlrngruil the Neva wafer, which is subjected to 
very st r."U ■ pollution and liable, to contain pathogenic or- 
gmisne., is passed through a liattery of mechanical filters 
using •iluinma ns e.iagolauf prior to tint ozone treutrnont. 

Fur the sterilisation of upland waters whie.h arc subjected 
to [v .radio or a .unul pollution such pre treatment is gener- 
ally umirei .sary, especially in those cases where adcpiate 
-torageis provided by moans of impounding reservoirs which 
tu t us st duni-nt.ation basins of large capacity. Kxccptions, 
however, nr.- to be found when tin* upland water is derived 
fitrni n jnaty or reeintly flooded watershed, where, during 
tlu sumiti' r tuonths, the quantity of oxidisahle organic matter 
in the water suffers a considerable augmentation and neces- 
sitate < a eorrei.pondingly increased dosage of ozone. 

For flu- treatment of river supplies which arc already 
jtolhited, mid with the growth of the riparian population are 
becoming increasingly eontiuuinaled in organic matter, some 
form of pr.- fniitmrtil is m ceHsary, and it must, be emphasised 
that tin- utility of ozone in the present stages of its industrial 
manufacture is must marked when it is employed as a finisher 
or Hl« rihsing ag. nl for waters which are already good enough 
hut not safe enough for public supplies, rather than when at- 
tempts are made to purify highly eon tain mated streams. 
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Tim quantity of ori'nnir multi r uxnli «»1 by tic ••/*•.>]« ,>.in 
dic;at«l by the differi-nre mi th<* uxytj-ij «>>hi.hio <<1 li'iirm 
naturally varies with lh«< tlir**’ far lor ». tin mtur* nf the 
organic matter, tin mimi-ntmtiiui , t f t!„- «</.*»• , ami th> time 
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of contact hot ween tiro ozone ami tho water. Thus 8 . Eideal 
( M J. Hoy. S. Tnst.,“ 30 , .'12, 100!)) found at 8 t. Maur tho 
followin'' distribution of the ozone at two different gas con- 
ciiilrutinn.s : - 



<) iiu< in (iiii . /’. r (' u l’i<‘ Ifrlrc, in 
1 .iiOtiiiK iiir . 
hlttcrm,; w.U> r . 

K <«)«nn nit.i U.t* «ur , 

)’> •Mjmit; 111 in Uni wuti-r 

t “ • >1 .(i nxiili .)iik i.r^nnti' matter 



h;k 


2-G5 


O-OT.) 


1-071 


0-UI7 


0-201 


0’0'IH 


0-IG2 


0-104 


0-filR 



Cluis, I'cr Culi. Metre. 

‘lxyK.ii •••in iiinii) fur Uio wiitnr nntroated 

(frail! «...) KUu'l, ul (Ur C.) . . . 1-73 M2 

‘In vii 1 mi .Him 1 ) f..r tlm water trortiiicl 

(It, .111 10 i.l li M11O, nl IKK C.) . . . l' 2 fi O-Rl 

I liixriiwii: 0-4H 0*51 

,.2H/. _ 48 ' 



During the. c experiments it was noticed that the dissolved 
ozone left in the water after it left the ozonising column dis- 
appeared after a few hoars, mid it scorned probable that 
oxidation of the more resistant organic matter was still pro- 
em-ding. This win* ennfmiii’d by tho dotermirmtion of the 
oxygen eouHtuued figures from time to time. 

Two typical tests giving the following results : — 

Oxyi/cu CiiMUiued Gnu. 

I'cr Cubic Meins, 



Ki|(or<4 wainr 
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iUl«r i./.sih»U««i 
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Two lifiun In tor 
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A corresponding decrease in the free and albuminoid 
ammonia taken place simultaneously with tho reduction in 




the oxygen comnined figun s, ns is shown from th< invt 4i m- 
tions of Van der Kleeii on tin* S« ue w,it< r : 

$ ~t if t if' i'i • nf i! *v 

Km> ntnim «l«i . . • • " ’* ! ’< 1 1 

A!!ttntii">‘M m an> mu . . ri '• '• " * ’* 

As iti (In 1 caw iif (In- nr:;um- *u it I* r in U.< w.i»< r, a 

inarki <i reduction in tin* tmiuh> r <<f h wt. n i I d>> j<i In 

common with other germicides nyuw t«. •« 1« cti\e in it action 
on miciseorganism certain ori'imism*. lain;: r» i taut 

than others to its action. It n« hupp ns that pathogenic 
organisms which are already 1*I« *1 hv thur wrmit t) )e 
environment are < usily destroy' d, win! «! the mm pit hop me 
» poring organism!', such as 1$ anhtihs, an fr« pn ntly found in 
ozonised wat< rs This point was folly im< if* d hy fitto 
in his experiments «m tin treatment of the Seine and Vstmel 
waters. 

Ho showed tlml all pathog. me organisms and the follow- 
ing (tommon bacteria which he isolated wr re r iptdlv reiuov* d 
these included It. fluorese ns lnpiifnetens, J5 mh. )5 tiim<<. 
It. proteus vulgaris, It. prodigiosan and Asp rpillus mg< r. 
More resistant were If. suhtilis. It. ]»t< us and I’. nirilhum 
glauciim, which only HOcnunbetl to prolonged treatment with 
ozone. 

(lamlelto showed that I idle installation effected an «v< r» 4 *<* 
reduction in this boot* rial pollution of the wut« r from omiks) 
pero.e. iu th<! untreated water to HI c.e. in the treated water ; 
thaw latter were found to consist entirely of the If suhtilis 
type. These conclusions were confirmed |»y S I tides I m Inn, 
investigations on the Kiemens-de Frme plant at Kt. Maur 
Ip the filtered water, prior to ozonisation, ti roll was usually 
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]>r< sent in <10 c.c. of water mid occasionally in 20 c.c., whilst 
it \va . ne\ei‘ found m the treated water. The 20 c.c. count 
wan n dneei! frmu an average (if 74 to li per c.c., which were 
f'ltunl tu hi h]mr(-h( uring organisms of B. snbtilis type. 
Wlitlit purification can he effected liy the consumption of 
0 .Vi :„<t(th iif uziiin- per (.uhic metre of wator, the ozone 
t‘ m iiniijiti'in per culiic metre, of water naturally varies with 
tin quality of the water to lie treated, the economic limit 
apjii to he in the neighbourhood of 2 gins. ozone per cubic 
nn tre ><f wut< r. If. hy preliminary testing with permanganate, 
it ii found that more than this quantity would lie roquired 
tin n >*>1111 form of preliminary treatment is cssontial for 

• roDnimi* njs ration 

7 Ac I'ltrifii'ution of Air. 

Scvi ral iypi . of apparatus have been designed for tho 
the purification of air in confined spaces, such as theatres, 
1«*> tiiio halls idmii'liter houses, tanneries and hrewerios, whilst 

• xt< ud< >i u *• of o/.oms"d air 1ms been made upon the (Sentral 
I , omli'ii li iil way <<jst( ms and public lavatories. 

Although tin immunity of the motor drivers on the 
Loudon Tub* i during the recent epidemics of influenza has 
1 m ♦ n > •*»»« wh it r* markable it is more probable that this must 
l„. attributed to the uniformity of temperature and to the 
> 1 » dilution of the air rather than to any specific action of tho 
«i/.oii«- in tie am. 

'Hu* evidence for the specific utility of ozone as a means 
of purifying air is Hournwhat conflicting. 

Ivwar and M«Keudrii:k (" J’ogg. Aim.," 153, 325), 1874) 
showed that by tho inhalation of strongly ozonised air the 
freqtnncy of pulsation of tho heart is lowered very consider- 




nzovi: 



I r,4 

aldy, the Mood temperature Mill. < fr.»m -i t < •'* , and p<ot 
mortem examination showed that tin- him d hoi } .j >j*- 
venous in npjH'uraiH-c*. Th«*nurd f" (' H ,** Ka, I 7, 1 *'7‘ anil 
Biny f" Mfd. (*. HI.,” a<>, 7*J1, 1‘iMb runtime d til- « *>)> • rva- 
tions «»f I tewar's. Schultz f “ Areh. f f\*p«r. I'ath u Hu,/ 
a<>, I Mi hi) ia*fiir«lK t-exml <mmh of chrome p*u • aimp i<y 
ozone. Jordan and t'arlson ! i*' J. Aiu< r M< d \ uc .“fti, KiuY, 
1 II I -t j eonfirmed the deodorant action of n/>inc on .nr hit 
hllflWed that lull}* before tin- roncettt ra! loti t r> !t< in d tho * 
necessary for periniridnl action injury vva- «*ati >d t*> tie r< - 
pirutory truet. 

'I’he lowest mn eriif rat iom <*f ozone to ,ui ttlinh run 
exert a definite di .infntnit: action 'Si'hnllz, it t 
7 *i, I MW) ; and de f'hmtiiia*, “ \n» >i* I'm t Ta t- ir,' 7. •< 
181Kb appeal's to la' lit the in hjhhourhoodl of h'f'.nf top m pi r 
litre. With KiieJi eonei ntratnms <tenh*atioj| * an tisnaliy }«• 
I'fTeeted in air, hut the presence of larpe 'piautltir* of ni'usture 
lowers its ttermteidal activity Vvordin.; to I, able' and 
Otnlin (" f\K.," 113, 111 . Is'jJ; tin* hitfhi <4 con* entr ittoii 
wliieh may he minded without ri- h-terioiH elh-ci < i« approxi* 
mutely () ] 1 to 0-1*2 mym. per litre 

They state that brti.jjrnil result* ohtuni hv the inhalation 
of ozonised air of this eoneentiation, a marked increase in tie* 
oxyhienioplohin eontae.t of the blood ttikmp place after tui 
interval of from ten to fifteen minute*, 

It is therefore evident that there i« no ijiehUon of 
yerniicidul activity in ozonised air of concentrations suitable 
for respiration. As a powerful oxidant it duithtlo' removes 

1 1 daunt Hill Biel Kim fc r* |*i»» It.v. i«« .,** fi S4, m\ lain m«i« 1 *» *. 
lull'Clitmtinn rif I ut lull si i^iiw jioaIii. . » to ilnlcfi . ! I Hr t* »j .ml. ty (t«. |, 
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‘•m ill traivs n f hydrogen sulphide and other imparities in air, 
wliil t tin* impli-a-emt smells assoeiatisl with crowded places 
sir** atm n.ihli* to ln*jittii(*ut with oxidising amenta such as 
i i/i *tt**. 1 1 i * .mm-what rniiarkiilde that most odoriferous sub- 

'tan< , i i i-inttaut uusatnrated valencies and as such would 
niturnlh hi- at larked liy means of ozone. The odotir of ozone 
in tl < If win it \* rv dilute is hy no niciuis unpleasant and thus 
l " 1 iud« *> a i ininlor irritant to the olfaetory organs, a matter 
of (<sVidiol<* *ic.i! mi|iort;i nee if of no physiological significance. 

Tli** n '**if n/.mn* own in dilutions of (HI to 0 ’ 1*2 ingrn. 
ju r litre hat frequently heen rotidemiied on account of its 
•iijijiiiL d pliy .ioloqicitl artivily, m many eases orronoously, 
ni**« , mil* tin ii. uni preeiuitions Midi as drying the air and 
tin- .uoid.i»<*e i«f pirkto;* are taken in the preparation of the 
o/.>un id air, n\td« s of nitrogen are liable to he formed which 
true an « Mn ni* ly high phy iolugie.al activity even in extreme 
dilution », Sehwarg and Mniu-hniryor (‘‘Jiuit. f. fnfokt. 
Kianhh/ 75 . M, f.tl.t) invest igatetl in great detail the de- 
oduri mp -ii*t i* ill of small rnneeiitratioiis of ozone in air ; they 
oji*.i r\*d that hvdrogen Milpiude was rapidly oxidised, sulphur 
dioxnli d iwlj ••» niv*-i t**«l to sulphuric anhydride*, whilst the 
m<-ji*ipi in-, rhsiol, and iiulul were oxidised to somewhat 
pie i* ant *.iii* 53.tr* nl* t ui'*i a. 

t‘.irl*o»i to-moxidi* w a. hut slowly oxidised whilst ammonia 
wr. not ,itt* > <« *1 KrariKliu f IV. hit. Congress on Hchool 
Hygiene," I'.tlst and l{u->«*tifeld and Kgidius (" Zo.it. Anorg. 
Ch»iu Hj, 217, I'll ti continued these olmervors results on 
the firtii.ii «f o/.oije mt hydrogen sulphide. This reaction 
un> studied ui detail hy Hiem tifeld, and it was found that 
uxnUtion takes place through a series of intermediate com- 
jKiuud.. ticc udmg t*» the following scheme : — 




1 nr; « i/« i*. r 

, l*> j*>» uljili’it' . ‘ilj 
Kiilplnde ' 

*♦ j»«h !!,!•«}. i‘- 

-»• diLliimiato -» snlph tie . 

Although tie* germicidal lu-.mH >‘f **/<>i<* in < ti mu’ *u i 
which cwit tin mjnri. <11 *- 1 !••*» on tli< i. j it u >\ • « ■ i.'i i. 

practically n« , V« 1 n lit' b> * n ! iwi 1 ' I *i 1 <!• . i>» 

hl<*rilihatK»l IK • f « d 1<V I / •>!! > itloll of ‘111 . ,*i > imnL li< 
duetion i*; obtained in ti.< l* *• t ri>d < < •<{ tl«« «ii win )» lit" 

iietuiilly pushed tluoii;*h tli. <i/i<m • r, '! hi < an. v.lii. h 1 * * 1 #« » n 
relatively stromdy * **t> «u > •« tl and < t* <) t>< tl • ul'i t m«* 1 * l 
radiation in flu ozoniser. H piaeticnlh l* rile, Hula < hum* >pi* ut 
improvement ttt the I* fieri tl i*j« >if to vvh** h h < > 1 « * n 
admixed with flu*. purer air u i. n itnralH ■ \j.-<t..i u -I in 
fact obtained. Tin* largi*t .j 4 «tn >.f air puiiln ate n bv 
menus of ozone in that of the fVntm! London H.ithvav ttlm'h 
in equipped with mr w-rw'ii 1 ., wanhir**, and 070m.* r* <•! tin* 
Ozoniur tvpi*. The total air apply lr> at* <1 b*r tin* *v .4* m 
being of the order of ( ljdity million cnbie f.*et j* r day Tin* 
average eonceiit ration of o/.nn< hi tin Tub.* an 1* of t|»*- oi.br 
of 0110 pint iti two million* (1 ‘J login |**r 1 aln m« to wbi< b, 
under hjMvia! circumstances, it i« Mat* d that 1! u inefi amd to 
five* parts j*er mdb»n M '2 nignr j» r cubic tie to j 

Tim installation on ibe fitifral London Hallway »«h no 
Hiict'eSMfal in operation Unit tin s\*bm of vemdation ha. I»«n 
extended to practically 1 very otber London Tula . 

Sunjiral and Thrrnjn 11 hr LV* ,>/ ()*»»>. 

1 hiring the |**riod of tin* war small jiortable oznowr* 
have lx:t*n in u*« m many of the military hospitals of tin* 
nations for the treatment of wounds. Major Stoke*, of the 
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Queen Alexandra Military Hospital (“Lancet," 1918), de- 
scribes the following method of wound sterilisation which 
appears to have given excellent results. Wounds and sinuses 
are washed twice daily with boiled water and a dressing of 
oxy gauze is applied. The ozone (ozonised air) is applied on 
the wounded surface or on to the cavities and sinuses twice 
daily for a maximum time of fifteen minutes or until the sur- 
face becomes glazed. At first ozone causes an increase of the 
discharge of pus, which is gradually replaced by clear serum. 
The serum at a still later stage becomes coloured reddish or 
purplish. It was found that ozonised air applied in this way 
was a strong stimulant, and increased the flow of blood to the 
affected part, that it was a germicide and exerted great powers 
in the formation of oxyhaemoglobin, A record of seventy- 
nine cases so treated is given, in which the period of treat- 
ment varied from a few days to three months and was in 
practically all cases completely successful. 

Curie (“ Practitioner,” 864, 1912) describes the application 
of ozonised air to the liberation of iodine in the lungs for the 
treatment of phthisis. Potassium iodide is introduced into 
the lungs by ionisation, and the iodine is subsequently liber- 
ated by the inhalation of ozonised air. For disinfection of 
the intestinal canal in cases of enteritis and dysenteries, 
Lessing (“ Lancet,” Nov., 1913) records the improvement 
obtained by washing out the intestinal canal with ozonised 
water. The treatment of ulcers and pyorrhoea of the teeth has 
been successfully accomplished with ozonised air. Ozonised 
medicaments and ointments, such as vaseline, have been stated 
to possess a superior curative value to those not so treated. 
Ozone appears to be slightly soluble in these semi-fluid 




liydriKwliiinh, anil would n.itui ills f*n< 1 1»« 'u- n< me ul ,1 
f'eriuiml il .nlisils lidmiuiti n i ml i\ i u<* t * fh< 

c\ti lit 'if lie ululnlitv >•! ii/'UJi <11 v . * < i, ft’ u i i ii ] », 
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jin* in tnuulalm,! tic |<r»>cln< i« »n f h * t •* In I t 1 < > >i 
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WCilklll hh, I-, lint SI It hunt !l< 111 111 

.Ijijiln HfiKtiy /•>! iifttitftnj I trji < 

1 fun/* an f" t' U 75 , H’J, I *?J nell*<li t< * * It H,», 

Uh7, ]H7-'i) ImWiil tit it <hlut* n.«.n»"*l in ]> • < i m 

conineni w itli ( him lie- ;iu<l Is ''linn. i)>* pi «.p* its < j <*lalinH 

oxnliHinj; tin ii'iirm:; inutliM jm mi in t iinmt i. iluml 

HiilmtiunTt, 0/."U»- vjtji* ins In 1» > n n iin<r« • Hn re i »u * tli in 
<*ithc r diloiiie nr iirntnnx*. *im<- uni ><nls s lh* <1 m <• r of 
forniiir*' culnur' il nidi >lituti«ii ihlm , <»i in ,ne< •!< m »ii\, h 
avuiiii i|, hut the nvidi-uu,; povvi ruf o/nn, pi* ,th is<n<3<thit 
of chlorine nr bromine. Fur lint r» »n<ti only s.rs dilute 
cnueeiit ration* of uroni may In* <1 f,,r 14* n<*lmv j.urp.oe* 

and many unmirn ^Hftil renulti arc ilir«<th atiithuUhh t*< the 
employment of air relatively highly «oeoiitw«*<l 

Fibre* 

I linen and rntton ^<hh1h are slowly attacked !»y orotic 
(“ Kolh. Hull Hoc, lnd Mullmiihe." jH. fM, JwVsi, nrnl »*•< ord- 
intf to Wit/, (•' Hull. Hoc. Itouen/* ii, JHh.'t,, m ||j« 
presence of moisture, oxycdlulotm i* formed. ‘1 h« hubjurt 
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wan reinvestigated by ('tmniiighain and Dordo (“ J.C.S.," 
103, I -‘i 17 . 191 -Js employing high concentrations of ozonised 
n rjft Jo -Jo gins. p< r e.nbtc metre). They showed that 
an n\\ei linlo ,i- imrl ci iiiiliiHc peroxide accompanied by a d«- 
Mnietjioi *<f the* lil «r«’ were produced witli t!ie liberation of 
carbon dioxide. 

I nb!» iclii d samples of cotton became white in from one to 
two hour*-, hut m h< *11 dried the fibre was found tendered and 
(body. *1 ut** fihri *i w« re likewise rapidly bleached, but became 
acid and tender when <mhj< eted to a siinilar treatment for a 
few bourn The eellnlose peroxide alfcetc.d a photographic 
plate, and jio .seized oxidising properties Hitch as the liberation 
of iodine from potn**imim iodide. In the prnHonce of water 
hydro.-* 11 p« roxide was formed. In general the action of 
n/.ott** on eelliilne closely reseinhleH that of ammonium per- 
sulphate rlhtz t 'beiu. /,eit ,"31, KCt, 1907 ; H J. I Vakt. Cherri.," 
?«. mil Hi 4 '!, find with more dilute concentrations of ozonised 
air bleaching without snliMsjuent tendering might ho ob- 
tain' d. 

The application of ozonised nir to the conditioning of tex- 
tile nntejiiJs it, .,tnti d to he entirely suceossful ; exceedingly 
•hhite eoneentmltoiiK <«f ozmitHed air are employed, and under 
suitable ••ouditiMim t,f humidity the period of conditioning 
•ran !«• r-dmad from s«‘Ver»I months to a few days. 

Oils, Fats, and Waxes. 

The applications of the use of ozone in the oil, fat, and 
wax industries are very considerable, the reagent being useful 
for a great diversity of purposes. Amongst the more im- 
portant of these may las mentioned 







I no 

1. U> nmvii] of •nluur, fl u-mi. nu<| <• il</m fi <10 i.<1, uid 
fain intended for »‘>I» l«]» pijijio *•«. 

2 . Bleaching and u liiHJii.' >*f <>t! . >111 i f if h r si • 111 tie 
soap imhuitry. 
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0. Bleaching of oil# for paint ami varmah -making. 

4. Bleaching and refining of wa xm for inn? in tin mnnu> 
factnrc of candles, polishes, and ointments. 

In the above sketch is given a diagrammatic arrange* 
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raont of a bleaching plant on tho Ozonair system. The 
temperature* at which selective. oxidation of tho colouring 
matter or objectionable odoriferous substances in the oil, fat, 
or wax commences, the concentration of ozone, and tho period 
of action naturally vary with tho nature of tho substance 
treated and the degree of refining required. Generally a fairly 
dilute ennreiit ration of ozone at not too elevated temperatures 
parsed through lie- material for a relatively long time gives 
the b« -4 results. In certain cases it is found advantageous 
to add small quantities of catalytic materials, such as salts 
of manganese, vanadium, or cerium, to accelerate the process 
of oxidation. 

The application of ozonised air to tho bleaching and 
deodnrisatioii of mh. fats, and waxes is well exemplified by 
the following list (see pp. lfig, I fitt), in which a summary is 
given of the effect of dilute ozonised air on various com- 
mercial products. 

A p/tltrttttutt to fix' Paint and Varnish Industry . 

Ah has already been oh icrvc.d all tho industrial oils and 
waxen readily undergo partial or complete doodorisation by 
fractional oxidation of the coloured chlorophyllic constituents 
utilising ozonised air as oxidising agent. For the production 
of rlear and transparent varnishes this is a matter of some 
technical importance, and the usti of ozone for this purpose has 
been frequently suggested. 

It would appear that the use of ozonised air as a substitute 
for siccatives in the preparation of drying oils is already 
out of the experimental state. It has long been known that 
th«* .Irving of mis is a process of slow oxidation and poly- 
merisation (lee Lippert, “ Zeit Angew. Chem.,’ 1 iir 412, 1895; 
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' 1 m n tiro ill lmt twenty well -known 
■ ■.iiiuiiT' iitl iiirloUiiH ul) uf wliinh 



l». <.!•,« dillnrmit rhitraotcrlHtii'g, and 
r- •)< -oil lo the trimtuumt in varying 
K.,)rnt arn blruclicd entirely 
l iV •■/•mi 1 , i.IIiiti niijy parti/illy, ho 
( r» ■(•nr i iv mliHujin iit him treatment 
in Hu* Hiillnarv way, (Vmtrary to 
v.lidl might ln> jiiiMinmnl, the dark 
»«n*>i)i i. nwli nu " Oiilm,' 1 or " Wont 
Imlmn." v/v»> tlni lio it, wliorwiH tlio 
lighter varioUi'H may glvn tlio leant 
•alulv li.ry rrnulfK, 

( ai,|i u » • ~~ 

,1 * '< — 

1 . fl»« htr» tiliig )<> nnerUd very readily 

afrnr ri'iimv 1 o) all the free fatty 
wnl<. 1 tm degree of o/ilour nr bleach 
-Wined dopeml* very mm*h on tho 
quality of Hi" nrlgmal wax and tlie 
i am will* wlili'li It tmn bean oollncted. 



M iiinidt 



1 In »>1 Ok’s*’ i I ■irMMlortiac.dii only n d'oilrml, till* ran lie obtained 

in t lie'll dv-d by u*iH# a )i,e M,n*rone«l*iii *•! narnia and without any nub* 
diviLdd,". in«iiu<4, I ..v w lint bharhing and ilnmlorinatlou am lioth required, 
nlliei (, n * UmS «,>t * l l>« i-nttrv. 

1> i *■ Wo a»!< > «.«*. tin itriual nwtiif bleaching and docdorbdng oil* 
a, 1 UK t rt,t« j df|, i. » ,.t f..i »««jt mekiiig, l.y mean* of or.onl*i*d air, 
,j„a e h. s it n«i five ■btbiug > |.«* ton. a figure which compare* quite favour* 
ably with U« iMMWo n tb ■*)» id Ural moot with *uperticat#d*tHiun, fuller's 

milf-t bar -a. t(lli*t»ii»» 
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Wegcr, '* ( 'h»*ui U-v. K<Jt Hit.'- Jnd 4 . 1 dt'.l) A 

CcuUie ("/,« it. Aiipew. ( h» m iv, -<>*" I -*<•«» . *h * iiiv. ii 
gated tlii* {irnfi'ih in «M nl. -h«*w*d that l!i* i« t **)i » » * auto 
(utalvtic iu character, nr that tie- rat<- of . <>{ i}»« ».;] 

after a tiiii.* win u it quantity * b* 1 already t«<n o\idi>«4 wa*. 
*lr 

given l«y (In* equation ^ — K«r * <(• i < wh*r* <» and \> 



wi'fi* t!i<- initial roneetitratiojr > >4 h»>**d '*:! uni > at *h *»t 
originally present. Kuille-r * xpcruti* nl* < *> > *'•* Kn.’br 
and Wi*i**/.In r}{, "(’hem Zeit * 7 , MW*. 1'KHj Aioa.i 1 Out 
tho catalytic material naturahv farm'd wan M'lte f**rm of 
unstable peroxide whi'di urci-lrfat* d the oxidation <4 lh»* ml 
by air. 

This unstable peroxide could b<* <i|p}»!« i»* *it< >1 < r n pbiei d 
by other peroxide# of a tnmihir clmrne t< r, «uch a« them* « h* 
tained on tho exposure of ti)r|a*n title to th«* air or even by 
the agitation of an ether air mixture Th* «e peroxide are 
destroyed by boiling the «iil but can l*e regenerate*! by a» r». 
tion. (Kor a consideration of the comp.jMU<oi of ib* *e 
peroxides fonned in tin* drying of linseed oil «*-.■ Orloff P' 4. 
Hush, l’hys. (’hem. Hoe,’ 4 a, Wh, MHO), Kahrion f*' Z»it 
Angew. (‘hem.,’' 33 , 7 ‘2-4, I'.IHl), Hal way and Kipping 
T* ,).(!. S.,“ 95 , 1 fib, IWdg and others.) 

Thu addition of siccatives, such a** wallt* of lead, manganese 
seine, frequently with tho addition of certain promo lorn an 
cohalt, vanadium, cerium, and uranium is now common 
practice. The Halts are either lho*« of weak arid* such m 
the Isirates, or of soluble organic acids and olnaten, Imoleate*, 
or resinatoH (see Inglo, "4 C.H. Ind.," 4 r »4, MM7; The 
siccatives arc pseudo-catalytic in behaviour, and mi vc to 




i\'jir\vjitl,\r, csrk or ozonk XG/> 

stabilise ««r ii '»4 »t in tin: formation of the auto-catalytic per- 
oxide. 

Identical nsnlti are obtained with tho nse of ozonised 
air, tin- >>il« can In* easily thickened and tho process conducted 
at much lower temperatures. Linseed, ehinoso wood, poppy 
seed, rape, and similar oils, rapidly thicken at comparatively 
low temperature (upwards of 1UV (),), and at tho same time 
th. ir colour is much improved hy selective oxidation of the 
e'dutired con ititneiit**. Hleuching usually procoods anterior 
!>i th** thickening proeess, consequently an improvment in 
colour may be obtained without drying tho oil. 

I jitnieed o.l may middy he thickened to a syrup or to a 
jell v for th** iiiHioibiclure t ,f linoleum ; Chinese wood oil 
hk» wise rapidly undergoes oxidation, whilst poppy-seed and 
rajK- oils ths ken l« *,s readily than linseed oil. Tho utilisation 
of n/oitn-fd air in the oxidation of linseed oils has naturally 
1» i-n ixt«nd««l f»om the wimple preparation of drying oil to 
the drying of tin* oil tit its various technical applications, 
Mirh mi luiol. om manufacture. the prc.jiaration of waterproof 
mat' rials, »i .h m Uun;. and otln-r similar manufactures. 

t) un> m thf /•')«• Chi mii'tii indnxtrie*. 

The oxidation of organic unbalance# hy means of ozone has 
Ix-en tie* subject of numerous investigators. Carbon monoxide 
is readily oxidised to carbon dioxide in tho presence of moisture 
iCUusman, "C 1(.," 150 . KHW, 1910), but only slowly when 
lh" gases are dry (Ibtnmen, Her," 8, 1414, 1875). Alde- 
hydes are readily oxidised to alcohols; iodobenzene to iodoso 
benzene whilst the saturated hydrocarbons themselves are 
readily attacked at low temperatures. Thus, methane is 




ciitni 1 1 «*»] !n!<>*v l'»it ( !•,!•. i on ’i' ! » «n •! »« h «i 

l*»rm iliit li> uni fmiiin »• H I'li-not I ■ - , *0, 1 *>J I, 

I'.tUli ) lu * <4I1<<VVI1 that in. inn I if i%\ 1 it n i !»• . »<i. 11 

atm it take-* jil.n * . liir cwr« i.{»'*i al << 1 < <1 . »i t J nm<I 

winch in tin 11 uMili’i i r.vjn«ln to th* in r< t U*l< thl. hv)> 
urtil Snlc.i jii*iiilv 1 'ivv k ’il ill )i i 1 ill * 1 . 1 |>r t <1 

till 

<\ cir * c ( if mi . . r. c ir 1 it- «n 

oil 

■ • t oh 

oil , t 01 til 

on 



Harm- ("Anti,” 374, l*.*l‘»i u t fa that -v.ittjoi 

prijri'i <|h tlii'iii-h tl>< into <n» ilim . h rn*»ti<.n < t mett »M* 
pcroxnltH. 1 t It oil .*• ( t it o o i.i.l 1. - thrmi/h 
a ».« iii-h of (Mint tl*l* hvlmwl itimi-* v j>.nt)il*i« ! hv Jtf.tpsson 

Ozone m ftmlin,; iiianv apjnn »> in m« 1 hhii,* i»t 

iu tin* fine cltnuical jiiihotrn *. It 1 «**» h*«n »><i'<' i »!iv 
(•mplnvctl for the j»r* partition <4 mv.-m! <nntli«Ui |w rhino «. 
Midi an tin- inOliyl oth»r <4 ji\na \U ■ lol I- h . •!* iv'tnil.ni. 
pipr-rmid iliciiotr-ijic*. ami iiiih.< hM* hoi. , tl*«- tn muf>i< Inti 
uf vaiullm licmtj Hrroii»pli*li«*i| «*t» nn\ lar*** u i!i> in lVanw, 
Amenca, mill in tin** * , ountr\ 

Vatnlhn m prepared Jiutn i«ii n n*n<«l a‘*m.inii: t - tin f »H>*w 
ing wln iiic 



0,11. m « cu.m. 




1*110 

t 

IJrnni, 

oil 



* clie nt) 



Khkiii-.I. 



on 



V amino. 




J\‘M MltfW. t*ni s up ()'/.( INI-; 1(17 

tin* i •»<*> n;*» nul ln*»ji}{ (•xnli.id by oxoiui l<i vanillin and 
aei taldehvde by i opfnr. of tli«* double bond. 

Am nl;n : to Trill it f !%«* process is conducted as follows: 
Ku;"ii>iJ i, eonvrrtril into iHoeiit'ciiol by treatment with 
1 'iudte puts b and Hinjl alcohol, from which solution it is 
bln rated J.v <*iljihurie and. 

\bout do bli» of i oi uoi-nol are dissolved ill acetic acid 
and aibjiet-d to a current of o/.unined air (2 to 2'5 {'ins. 
jut cubic m> tret for a jienod of six bourn uf a low temperature 
(c;i 2 ( / in an • initiud'ltned vessel lilted with a tall recti- 
t'u'itjon column. When the oxidation to the aldehyde is 
eoiupl' ted th> »> > tie and m removed hy distillation, other and 
odium lu mlphuii an udd« d and the solution warmed to. 10" C. 
’1 h* bM.*l|«bate aldihvib- compound is washed with ether 
d< ■ miuj, .. .1 with > hj.hunr arid, and the vanillin finally ex- 
tinct* d with eth' r 

In a under manic r luhotropiu is prepared from nafrol 
sici ojiJiii;* to tie- >>|oati<ni‘i 

t ii ril ni ( U rii .rif, 

< 1 CHO 




» # i, i J» rip«r>rH*I (Imlintroplnb 

The »4fnd ««. . onv< rt« d into taosafrol by heating with an 
elcoh -lu solution of caustic potash, from which it i» subse* 
«ju> nth «*triwi«d by mean* of ether. Kor treatment with 
of/uie tas in the c**e of iwetiipmol! it is diwmlved in acetic 
atid, from which the Uhotmpm i* recovered in like manner. 
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A 11 i»n 1*1 ('li y *!*• can be prepared in a » imii.ir manie r 1 v tb<- 
oxidation of aiiethul 
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Attl IIJ|>t>» IlHVe illnO i»‘» 11 to OtlllM '»/.))• f.r| t}ll* 

oxidation of aniline to aniim** b)i<k and tic I< a* - ** bi^ » <4 
various dyes, mich an indigo, to the roJo-trel dye dull ». but do 
not a| 1 1 -car to have received any extensio* t« < hiu< *1 applet 
tion. 

For uimlytiral purp«««M m organic «•!*» tmdrv •»/«'»• Merit* 
Milne attention, since by tin- preparation of o//Mich *• >md tie ir 
Hulwoijiii'nl decoi n position tin- structure of various eoiuph * 
compounds containing ethylene bnkag* s h»<* he* n eh** id»t« >1 

The investigations of Harries ('* Iter / 47 , Kt'.l, M„\ JiOH, 
345)1, 19U4, r< «■(/.) and het ro-workers, have hoot tin* mint 
remarkable in this direction rimaturat*4 compound** are 
ruptured at th« double bond and converted into aid* hydra 
and ketones. 

In the absence of water, however, a dinct addition of 
ozone to tliu double i»ond occur* with the formation of 
ozomdcH— 

>C : (< -* X’ . c< 

I I 

O u 

\ 0 / 

which on the subsequent addition of water undergo decum- 
position to ketomsi and hydrogen peroxide — 
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><’ . C'" 

* H «* • •«* ') i o ('< •!• n 3 o„. 

no 

s 

o 

Til.- i ir<- i- •!* • t. vi*u:nl, uiiy Hiilmtuncc-H, highly 

nml |m < ujy a jmw Diimir. 

In rMtmif«n v. nh » !/.• »ir«* tlr«*y alf*i-t a ]<h«tn;;nijihic pinto, 
iittribu? liil” J, < tic rl<«‘ini.(J)nimn-M*<-i»**‘ produml nil oxida- 
Ii n < f < r;* nut- in.»ti* r by m»-:ui <4 nyoitv (hi «* pp. K, JfiU), 

‘I h*- </** <j*i« * li!.. jiuwi-rfnl oxtdt sin" aj'i'iibi thnii- 

]v> >>, iii.ui 1,1 U>«‘ ji. r.ixuici in Uhavtnnr in Unit 

tin y K« .i<h s«i<bi'<*. l.ii-i »l«- 1 fr'rin puluitintm i*«! i<!«‘ iintl 
r«i»t w.lh .nm f»* riin»n.: , m it»* 

1 S. *» »*< "t ••/•ilifii/i-it*-, i Hilati-ii Iiy Hnnanl, in 

i r<-i»t>vii\ .I iiii" mib»iiw««> 4 prnrluii*d liy pawning 

n-nnii- « <1 .ur int- <i« y l < nxi-tv. fsniu wim li it ih precipitated 

i» i p»\«ii»iutt* no ii-jdi'iij-* pr<«isn t It » xjiin'l> H snnicwiiat 
vivl* ntiy <n? t)in al'i.tnin of warm wul* r. 

n]» i< i»« :*l. «i.Ui* r ttJim diHHuJvi'ii m ;n'» tir arid (lltirricM 
ami Timtnt*, " It.-r." .t«>. 2H, JI, IWiii, nr wln-u touted with 
n/n»u «d or iAith»..it a nnlv.-nt (Mnliimri .uni Summit,” Her.," 
jy, ‘.U, aj i -nni a ii*»rmjil n/otn.1.’ In rhioroform 

four atmm n| nayfun »r** Uk.-n wj* to form an nxmiidu pur- 
■aid*’ 

Jty analvMi <4 Jin- plodiulH of dnnMipimitlnri tbi; poillion 
»l lb«' ornuimraU'd link*#.' in ub*i*- and wuh b«- 

tw< m tin atniiin t \ *ml f ‘ io . thu» giving ohm ami thu xtrneture 

C'JI/t’fljMTJ * < Hit'll, 

If *lr«ng ‘‘uni-nntratiun* »4 njtnim ti« .nnpioyed for thn 
preparation of iMom4>'., onor/mulii# ar» Haul t*» f«* foriaud at 
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fix- -.aim- hm<“ fli im< ’* is* t |,|, :i »*«. 101 * • «/ . ti. i 

n. butylene yields l!i> f-il]*iwnt,; > >• . »*. 
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rim! 
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* K r U < 



mill it dimeric* oxo,o<iiide • 




cyHn pent eiie exhibits a similar behaviour in that Ca > *•/ tun* > 
ami twooxozontdes ar« foriia-d on oxidation H»rrs> •. " Nun." 
4, 4101, I'll. 'll. 

iUrni'H t/w nf.i attributed the formation <4 ov*/omd< * 
to tl»i presence of oxoxotir in tlx- o/onw<j owr<*u whx I* In 
postulated l<> l«* present Itv analysis. • mpbckinit fix- iodide 
method of estimation. The <• xi stem e <»f oxo/on. m <>r,uu*e<l 
air or oxygen has, however, not hism runfiriin-4 is*** p I"!; 
ami some other structural formula must, eonse<pji ntly. lx' 
adopted for the oxozoiudi*. 

The oxouisation of rublirr wan first attempt*-*! «in#w«v*». 
fully l»y Wright in lHfl? {** liull. Hue Chinn ,** i», I tM, | k > 7 ), 
and was subsequently in vetili gated in great detail by Harm-* 
and bin co-workers, Handheld and llaoffmrr, in the hop*- of 
elucidating the complex structure of the isoprem* polymer. 

Harries ('* Her.," 37 , 270H, 1UU4| nxonnw* rubber by the 
following procedure ; Ozonised air, washed with caustic soda 
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rtu-i k-.iI tu t* move the ovixonc, containing from 

It to I,,' )• ! * * Il> •>}' >*/. (it* . 1 . p:»*. .i rt for L«iti IllKlJ-H into It. 1 p<!C 

* * ut i. »t i'i *«f |i u ;)’)> il rubber in chloroform. The end of 
tin t- .M i. ji . < a .»•< risen* d by tin* dccnlori.Hution of bromine. 
'I'i.*- iit!*i«- j » oh! mini by evaporation at *20“ (',. in vacuo, 

> .il. « pi* oil. r< ju< I'tpiiatm*; from ethyl acetate by petroleum 

> Ut* j* m ilc- f *uo “f a iloi’U *nl aatulifyiug to a vitrnouH mans, 

li-ihi > i w'xjiob* i< «i<ilnhl*' iii ethyl uoetnle, benzene and 
.i!*-<4t»*l . «>j't*iv* and lib** o/.otie it acts <m a photographic 

j.1,0. 

Vi. oi n- j’.v* . tie* av* r.iiv compoHitioii (1 *19 por cent., 
H *.i j- > < • ji* , »n«l th- iu<«|.**;nli»r weight about fi‘2(5, uorru* 
**ji >ntli).,' I*, th** < aupound 

>(“ 11 «• i M Vi p* r r* ut , H, (*» 7 u p> rr.i*nt., jti.w. * 4 ( 54 ). 
A4*.pim,' 11 um xinotural hu-nmla for iwopreno rubber — 

1 1 1 1 ,c: < 11 . tu, cii | 

* in* ('it. (Hi, cf'.nrj, 

th»* » il ) • i •■/•mol** w*«»M poHxem the fMllowiiip, Kfnuiture 

, ( II. fl 

I 

(i r ni. cii, c 

* > 

u (' dl, (’ll, (*- 

/ 

li i'II« 

Ilm I*, r o/.«n;*l«* *mih*r* decora position on boiling with 
wf»t* t. forming Iwulmir aldehyde and lovuliuic aldehyde 
j»-l<itiil>. (i'i indicated by (let following tapiation ;*— - 
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On continued hoihug »f tli»’ a<pii'<jii* Hojnii m t h«- l< 
aldehyde peroxide undirg<»«->* autojudatioJi to li’ivlmn* a< id, 
and tin* « and fi lactones of tin* and 
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( Jnttlrih (•* Y,fit. f. Anal Ohem.," an, -Vfl.t. 1907j investigated 
the action of ozone cm many vanoiics* of Afro an million*, 
especially thomi from Uganda and tlm U pp»-r and I ,*>*%••• r 
Congo areas ; ho obtained the; following mean value* for tin* 
decomposition prod net*: — 

fv» t’eni. 

YutM, 

IieviilinC aeid . . , 4'4M 

*M»liy 4 n ... . * 6 -» 

.. ,, paroxldw S*S 
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Paulsen (“Le Caoutchouc et la Guttapercha," 7 , 4177, 1913) 
has shown that the ozonides of various resins, such as sandarac 
and dammar, are precipitated by carbon tetrachloride, a 
property which Dubose and Luttringer (" Rubber, Its Pro- 
duction, Chemistry and Synthesis,’* Griffin, 1918) has applied 
to the estimation of rubber resins. Molecular weight deter- 
mination has shown that the natural rubber molecule is 
exceedingly complex, whilst the ozonide consists of but two 
molecules of ozonised dimethyl cyclo octadiene. It there- 
fore follows that ozone exerts a depolymerising action on the 
rubber molecule. 

Attempts to prepare dimethyl octadiene itself by reduction 
of the ozonide have, however, proved fruitless. 

Cyclo octadiene, the simplest of the cyclo octane deriva- 
tions, has, however, been isolated by Willstatter, and on 
ozonisation and hydrolysis this yields succinic dialdehyde, 
whilst on polymerisation it yields a product very similar to 
natural rubber — 

CH — CH- 2 — CH 2 — CH 2 . CHO . CH 2 . CH 2 CHO 

Jh-ch,-ch 1 -ch-'C»|ch-oh 1 -ch,-ch- 

(.CH— CH 2 — CH 2 — CH n 

On this evidence, supported by his previous work on the 
nitrositos and tetrabromide of rubbor, Harries adopted the 
somewhat unusual eight-ring structure as the unit in the 
polymer of natural rubber. Although Harries’ views have 
received wide acceptation, yet this theory is contested by 
several workers in the field; notably by Pickles, who ad- 
vances various arguments why rubber should be represented 
as an open-chain polymer : — 
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apart from the fact that no process of industrial ageing on 
these lines appears to be in actual operation, ageing is prob- 
ably not entirely a process of oxidation but results from a 
great number of chemical reactions produced from enzyme 
activity taking place but slowly in the wine. Probably not 
the least important are the proteoclastic ferments effecting 
the gradual hydrolysis of the small quantities of protein sub- 
stances present in the liquid. 

A useful field for the application of ozonised air is to be 
found in the preservation of food, especially in connection 
'with refrigeration. 

For the prolonged storage of fresh meat it is necessary to 
maintain it at a low temperature, in order to lower the rate 
of hydrolysis both proteoclastic and lipoclastic produced in 
the meat by the naturally occurring enzyme. At normal 
temperatures meat can only be preserved for a few days 
•without its quality being seriously affected by such changes 
occurring. During storage and transit not only are the sub- 
stances subjected to internal attack by the natural enzymes 
but frequently external sources of contamination are to be 
found, especially flies and air-borne micro-organisms. 

Thus maintaining perishable foodstuffs at a low tempera- 
ture and in a sterile atmosphere ideal conditions for preserva- 
tion obtain. Several large refrigerating warehouses and ship 
holds have been equipped with ozonisers on the air-circulating 
systems. 

We have already alluded to the enhanced efficiency of 
ozonisers at low temperatures, hence the conjunction of an 
ozoniser in a refrigerating system is a particularly economical 
installation. 
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In,’!*-. < -I ** s .‘ JDIO. I’Jbd) showed that the acid 
$•4,(1, »u« th> d in* 'iruMy gave high results, neutral solutions 
>!»•) hug more determinations, lie found that 

nmr.») fv,ta .«uu! hr<»imde solutions gave discordant resulta 
It .u/iW* tUMdifientiou of the iodine method is extremely 
a«v irate \ i •••n<4id«‘ratirMi of the equation (1) will indicate 
that f<.r « v> tv .‘•joivalent of ozone two equivalents of alkali 
*r» 1 1* rated. and r..n««.q lI i-riily the increase in alkalinity of 
tl,«* notation gives * m< asure of the amount of ozone. Avery 
dilute milphurie and solution of potassium iodide is usually 
< itijd •) • <1, hdl-.w-d after absorption of the ozone by back 
inr*t: <n with standard alkali, Using litmus or congo-red as 
an indicator The liberated iodine can be determined in the 
neutral solution by womans of sodium thioaulphate, thus giving 
a 4-hork «>n the former figure. 

K it Hi. .enfold and !*’ Bencher ("Zeit. Anorg. Cbem.,” 
l»i«, Uiltii mvestigah-d the effect of the addition of acid 
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lh». I'M!) Hi a >4 anal* • i <4 U > «/(*»! ■ t 1 » I \ th* 

ft uior« i!»m» il »t U*«- 

aliovc Huff fully *<•*•• niil* !<-r ilatn<« i-.v.H* 

,, % 
v nmim* r (" ( <4i «t «1-1. », I'ljf, . h,j*' •, a s j! 

Jihurii* anil, ntu! fiiij* that u<* i *»« . I «» < i ru-\ 

r» ‘,iiff« by ttaing nr i«j of thi* »!r< «{•«!» 

(/if Artrnutu* //tuU \/rfh<A T}«rn*r4 * «!*<«! < I «*<>- 

mating *n»itlar la that »-*uj>J<»y *»»l b*r <uah>»t»iH' bh«<4i 

>»!! fwittiliT l, T M)Jul««tnn, i* f owl) w)»« ); tlir 
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t\ * n, t 311.0 . 3 Ah(()II) s . 

n > i j t » * *11111 iU’hcmli' is prepared by the 
‘ < u m !• ni p.itA*isiuiH bicarbonate, and after 

4 *' urdi.dlo mdtiie solution, using starch 



i 



r 



n < .* ** • i air ih m< t« i * *1 after absorption of the ozone 

)■' *' * f " • ’•’*» !<*-h 1* mi fir*<»’iii«iiiM acid solutions (I wash 

1 •<* * • »*) <* o* f* i ; i . ihov rates up to It) litres per hour); 
i ) 1 r *’ >•. t »*«•<! u ju-attr uunilier must lm employed. 

1' i l.*V n«/'ji T »'(<)ji Htates that five 1 -litre wash 

I *r» «»• .,j< i . 'iMU )iti« *t |wr hour. 

‘ 1 i* < •• < * o ite.us .uc iHDrtlly expressed in grammes 
i j * .* . oe tr. <f hi It will lie noted that in the case of 
t»r < 3 m 3 ,. I* -»1 1 rj.ti .11 the equivalent volume of oxygon 
»« n ' r< o.rn*- 1 t<> lh< gas. at ih the case in absorption by 
tie »n . ' ! j»'A tve'tm Mid* , ritnl const'*] unntly in this case the 
p % * -lib r t ii ditnomtion eti volume when passing through the 
«ib t 1<! th, * >it'< !i-'ii. huwcver, ih hut a small one. (4 8 
pm* <*, j.. t * ah, in.tr*- would give a diminution of but 
o „Vl j • r <» i»t • 

< 1 * 14,1 • t* |( ;■ 164, 1 30 , 1017 ) suggests the use of 



!<*i Mulutiun, nlightly ftcWifiod 

1 ^ Kl 

with *itlplntn>' acid, «t abt'irlwnt ; hack titration is accom- 
4 with j^4*Mt*nn permanganate. It is stated that the 
«*..uteoi o* ohaff*'cit»l by air at this concentration. 

.1 M<tih“4i • Otto has made use of a barograph 

j ,r < |,t nit tip » <• tiUtoi**u > t r**cord of the density of a stream 
<4 4 air . it is claimed that the apparatus is extremely 




trt*Il ottV- OVUJI 1 t I lid* -1 * M dilf-1 <*!(,*> m |J< !lt . 1 < •*•<< li 
nz*»a<- and ’] Du- n uu»* tnv* lift? r nJ * d«*. j • <1 i 

ililu!<ii»'*t'*r f >r tin* * tinritiuu of **/“>i* 1 »*.<<! uj tv • ni 
»*r< iihi* of V'*luHi* wli’ h «•/ <n« iiu*l» r;* «» wh* *i - *h 4 * * i< 
t In riiiitl «!«*i '*«iti j» ( A •"** K i ft-M-U, t* *u» nu!)H); m i 

Mri<luiit' , 'l in-U. i. lill' l lit »tiic>> jd>* rx jo* <* «n< itj 1 t" i /iv. n 
htmjvmturi* with thi *>/.<*in » 4 *ny r **'»t lit' tl* h* *r.* rt- 1 
nii*i tlin or nhi.it< *1 »< < k i mint* r « <1 m i tn<:> sit 1 i'h, n.d 
th'* •i/.oii** 1 1 il»«'U d< '••utijfM K *11.*, 1' * mit J i » ji,* *t. 

tli.p •.!* I i r.| hu t font d !<< hr i u#t w .* *0 < »n • j -r 
tin" jmrj" «■ Th- i»**rr im* m vihun< .*lt • r > i*> " » l* - 

original l«*mji<*r.»tiij‘* ami t> idjmtitv * . 1 1 j. > t„* ml j i. ., t u. 
in nut* >t and th* nr- tin* <f/ -n«* « .ait* < ,* ..1 tin f * . < »*. t- ■ i’ 
rululi'l from tin* < }<i‘itio»i 

( Hto forth* r <1* vii.<*»l rut oj.tv **1 in* ili**<l h«n-d >>n Ihr j-mv >ph 
of tlu* tint oiuru-r. mure n <*i ntly «j<j»h-d l»y h<tviln.«.*l tM-r.tnthir 
}>nrj*oh< h. A h**i i»* ** ««f i*..I'"ir-d i*'.l»<»lt 'Utii*' (*l«u< * *> tv- m 
H fiuirlurdK <»f ruiitjwriHott with i toll- *>f d-fwiu* l«nj,*th *.f 
oznnivd tor or ntyjfrii und» r < *ttditv*n* of u mj« ra 

tnr« and |iir*nuir** 

K. Krujo-r and M M<«d1* r i" I*hy u* /.*(».' »j» 7<‘* IUJ4* 
havi* >.ij|*jH*Hti il th- in-a mr< oii rit .»( u/..n- r<»tv-nf r *t-.<u> J.v 
tlji' ftlworplmn of nUra viol* t hjjhtv Th- inaaimom *li*«t|i 
{ion of ultra-violet htjht hv <**<•««• m found m th- r* i»i<«n k - 
‘200 lo 3UD nn, »*«}ic*rially at X ~ i'll ^ A-.rordmj* t<» H—r n 
law th« ahitorjHton ro-ffirirnt may !>** «**}.r<n«*.<l »n th- f**un 
I ~ 1 r or l»i){ I - luf* I, tM , wh-r« I. t» th- smlial inl-n 
Hity of tlm ultra viol-t l»{*ht, 1 th<* mt«*n»it v alt* r il--o |i 
lion S»y a layrr of iwiuwd ouyg-n 4 cnm {In-k coriuuinnt; 
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* ' ' !" 5 ***• " * • »>*‘l K tli*^ ilisrirption coefficient for 

* ,f ** ‘‘ s * » > •» *m» 1 in»mi«i!ttion in r tubo of con- 
* ‘ ,l • .* is proportional to the 

*** ' ‘ ' ° *»f th«« imT)L;t«nt ultnv-violot light, 

•5** rn. i ,<y m* *• ..} i jwln.Hium photo-electric cell. 

*■* * • ‘ ‘ ih d.».f | ( |iv<x,i) analysis have, however, 

t' * s ’ * ' ‘ * *pph« having usually boon 

} * * l ’ '*• » !•* >11 >*f th«* iodide volumetric method. 

J i. *»•*•* < i , l *>* * • <ut»ming o/otto mid other oxidising 

* ■ * ' ■ • ‘ ih> kiy'-'d investigation by Tommasi, as 

* »* . *. ? »' * '‘I.* *. S'. »* /' j 9l IH71). 

.•» * • utk.i.M.* ..?•>». and chlorine or nitrous acid 

u> t *> < i . t * >• fiini v.hin ni of potassium forrocyanide, 
*u i iv ’ ' *. i 1 j- n< r d.-Wwiincd by tho conversion 
t*> j '.a .m t>»ru . *r»el* «tfi<t*d, Another jsirlion of the 
{.■ *i i» tb* «i j> «h<- 1 .v> r hot platinum black, or through a hot 
t*»l> • ntf »n«nj{att» H4. dioxide, whim the oxone is de- 

*?« ini *1 !.> J^rr s-vamdi! conversion is then de- 

». n»n'. *o and from tbo dift-renee in the two estimates tho 
>s. -uU *it tb- «4U 1m determined. 

\n.,h 'm •! imator* « • onUtning oxone and the oxides of 
mu )(* n hi**. • 1 “ sremiiphabod by passing the gases 

mu* h 1 1! s *u. w l>< n ih*. '.tid'-w of mtrogen are solidified and 

mv, 1»< v-parst* Sy «l« t* onmed 

If > iwi and If. r/K’l<l ** tier 49 , 4575, 1912) cito sn in* 
u r< »t.tig ti»« for the analyst* of small quantities of 
in, si,* s ,n ** 5 , .eh. a would appear, would also be applicable to 
0 „ , „}< m d ..»««■< Th«'y m»t« thnt methane is quanti- 
t*tiv 3 «t ordinary temperatures to formaldehyde 

),* amir bug I •> th r equation-* 
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| S % 11 * 14*3 

CH, i :»r» m II') - II n ‘ '* 

1 1 Iihh In rii 11 ‘“‘i ti >1 ilia I tin tii* "I* 1 1 > * * i *i* • * .15* i'5 D 
tiJt;',li! Iji- cjijiIi* ‘I 1-t tli* (!*•!< '•li>i!t ' '''i'll i’» • *< .'i ! < rut 

«I;m ll-ll ;'i l'l I'lMtli! flu‘-u,“h « D 1 ’ .*{•!• t *< ' i* <i 

(*li rlri*’ enl-l* • ,in' 1 * -1 <* Ili» I, >*" HI > hniij n ] suite 

;l>, tin mi- uni uf m j <ri«- r. n Mi 1 tr -u. tl • *»«»• it. mi > ! th< 

air in f li«* J‘imu 1 w utM ,*iv* m u>| m* u, »*• i l< i « ? th* 

iiiu;tii) , '»l< "1 th * 1* * tJ» !< 

An in 1 1 'itiu'iit fur fit- i|< (• k i mu 4\‘I • * *«d *' t ui < i >1 - < » • 1 

(i/.uiir m wati r un* < 1 «m <«'1 ‘-’iii*- )«*ir ■* * * < -< 1 I’vuj. 

tui<l I hf i mli'd (“ \i| 1 i< < fru < lt< in • if JidIii ** i I t * 1' vii m , * 

Aj-uiil "'J’}i> Viuih i \u,'n.f. J'*| * "If 

tllllU* ■*! a mil'll! *• II {i-lllltil l.v i J-l l* .tun i ) u»i i 

liy •! « ' I) t J V r fillti* Till W til r I « >l» t lilt tie *• !* a 
UiroU'/li t If «* mmiilar «* }«•(«• <-n tl>< phi'ni ru «n i "in 
C.ujtpi'r nt a f»i*4«| fill-, i» nil furtti i flt«- .*!• < 1 r * *1 *, ti <•! tl.- < « 11. 
whilst tli<- platinum r<»l a»*l till* «'|-J»J|« r ful»« J'-rmm - ?!>« 
(*lt'«-t rmii K iif till* rrll are < t- -1 In it i«ti< t<- imitu‘l< r <<f 

t hr* ml r*<i-ur»l*-r In llii* i»lin no- «.f nit*. \.<i.#:t * •.»*»> t.i-. m 
till- \v‘i»ti*r, lli-- hum)) 1 1 1! rapi'lly )<** -iti*- j> >! »»i •* 1, tl** -iifr-nt 
lliivviii(4 tltnnt^h fh«' iiit* r*nimii»« t* r »•-»«» t i ✓<»•«, *tnl tin* 
plntiiiMiu Iiicuiui h I'hmfiil unit 1<*< »ir< u < '*rr« *> 1 * Imp in 
thi’- Hi liruivti'' hulutmii |«- «Mtr* <*f lh* i>» tl*. « *t-* i 

MuH jmtulili- wnti r* runtam a ijiiaiit.lv >'*f ili'mu-il 
iimki' llu- inti rual riw*tHitrr «,t llm nil mittm-nily 1->t 

piaHiml Mja-mlirtn. On lh>* u>l<lilton <4 «u»v ••ti'lmiDi: 4 /- mi 
to flu - water, tl<** rrll in partly ilrixtlarxirA l»y tin* r* • I 

liviiru **-ii (mm tin- platinum • !**• tr**!* - , »u*l tl*« rat- >f r«* 
tituvnl uf liyilrui'i ii hy the n/nit*- m <«» Ijm m < r*» 

wiiiHt t* r 
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Since 96,540 coulombs are associated with 1 gm. equivalent 
or 8 gms. of ozone, assuming the electrode reaction — 

60 © O a = 30", 

this quantity passing through the cell per second would 
generate a maximum current of 96,540 amperes. If the 
liquid flow rate were 1 c.c. per second, a fairly normal rate for 
the instrument, one part of ozone in 10,000,000 of water would 
correspond to a passage of 10 -4 mgm. of ozone through the 
cell per second, equivalent to a possible current of 12 x 10~ 4 
amperes. It is, however, evident that all the ozone cannot 
act as a depolariser, since half of it at least is wasted at the 
other electrode, and for convenience of operation the cell and 
flow rates are not so proportioned as to effect complete re- 
duction of the ozone in the water flowing through the cell. 
In actual operation the recorded current is about 25 per cent, 
of the theoretical maximum. The instrument is remarkably 
sensitive, easily estimating or recording one part of ozone in 
10,000,000 of water or '00001 per cent. 
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Oxides of metals, 38, 34. 

nitrogen, 14, 16, 21, 25, 50, 54, 

85, 112, 138. 

Oxidising powers, 11, 169. 

Oxozone, 15, 178, 174, 184. 

Oxozonides, 15, 170. 

Oxy cellulose, 158. 

Oxyhemoglobin, 154, 158, 

Ozobenzene, 169. 

Ozonates, 14, 137. 

Ozonic acid, 14. 
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Ozonides, 2, 14, 15, 41, 168 171. 
Ozonised water, 21. 

— waxes, 157. 

Ozonisers, 120-132, 

Paints, 161. 

Palladium, 85. 

Pathogenio organisms, 149, 152. 
Perchlorates, 18, 174. 

Periodic acid, 32. 

Periodioity, 68, 99, 106, 130. 
Permanganates, 18, 80, 82, 66, 160, 
153, 169, 174. 

Peroxides, 30, 31, 38, 37, 42, 136, 164. 
Persulphates, 31, 69. 

Phosphorescence, 8, 9. 

Phosphoric acid electrolytes, 57, 66. 
Phosphorus, 28, 88, 89, 40, 42. 
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— decomposition, 28, 70, 188. 

— efficiency, 76 77. 

— production, 28, 70, 77, 138 141. 
Photo electric cells, 187. 

— effect, 119. 

Photographio action, 159, 169, 171. 
Photolysis, 180. 

Physiological activity, 154. 

Piperonal, 166. 

Plato ozonisers, 127. 

Platinum electrodes, 58-67, 120. 

Point discharge, 118, 128. 
Polymerisation, 28, 76, 161. 

Poppy seed oil, 165. 

Positive carriers, 11, 40, 98. 

Potassium chlorate, 38. 

— iodide, 2, 4, 11, 20, 157, 

Potential electrode, 47, 58, 68, 
Pressure, effoct of, 46, 70, 76, 111, 

184. 

Pre-treatment of waters, 148. 
Promoters, 164. 

Pseudocatalysis, 164. 
Pyrocateohaldehyde, 166. 



Quanta, 71, 72, 77, 89, 189, 141, 
Quartz, 70, 84, 115, 116, 140. 



Radium, 86, 88. 

Rape oil, 165. 

Rate of decomposition, 24, 49, 58, 138, 
138,137,177. 

Reaction rates, 12, 30, 53. 
Refrigeration, 122, 177. 

Residual charge, 115. 

Rock salt, 84. 

RSntgen rays, 88, 94. 

Rotating electrode, 124. 

Roughing filters, 144, 148. 

Rubber analysis, 15, 173, 175, 

Rusting of metals, 35. 

Saerol, 167. 

Sandal. wood oil, 23. 

Sandarac, 173. 

Saturation current, 93, 113. 

Schumann rays, 80. 

Seasonal variations, 20, 21. 

Secondary production, 26, 86, 106. 
Selective oxidation, 13, 161, 166. 
Self-induction, 98. 

Shellac, 115. 

Siccatives, 161, 164. 

Silent discharge, 25, 91, 95. 

Silica, 88. 

Silver, action of, 3, 88, 49, 186, 181. 
Skatol, 155. 

Solubility, 7, 8. 

Spark discharge, 1, 61, 102, 118. 
Specific heat, 45. 

— inductive capacity, 114, 115. 
Spectra, 9, 10, 72, 78-90. 

Spirit ageing, 179. 

Spontaneous ionisation, 27, 

Stability, 48. 

Starch iodide tests, 16, 28, 180. 

Statio transformers, 97, 

Storms, 21. 

Sulphates, aotion on, 12, 

Sulphuric acid eleotrolytes, 57. 

Tanneries, 158. 

Temperature, influence of, 46-62, 58, 
Tetrabase papers, 186, 180, 181, 
Tetrabromides, 178. 

Textile conditioning, 159. 

Thallous salts, action on, 181. 
Therapeutio uses, 156. 

Thermal decomposition, 82, 111, 184. 

— equilibrium, 22, 45. 

— production, 44, 50, 51-56. 
Thermionio emission, 98. 
Thiosulphates, action on, 12. 
Thunderbolts, 26. 

I Tintometer, 186, 

Tubular ozonisers, 124, 

Turpentine, 8, 26, 87. 
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